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ABSTRACT 
 
Feed is a major variable cost that impacts efficient and economical pork production. 
Recent expansion of the ethanol industry has created competition for corn used as livestock 
feed. This expansion has increased water and energy usage, creating a need for greater 
efficiency in production. As a result, fungal cultivation of thin stillage leftover from ethanol 
production represents an opportunity for reducing water and energy usage and adding value 
to the nutrient profile of ethanol by-products. The ensuing fungal biomass (FB) is more 
nutrient rich in amino acids and lipids than corn or dried distillers grains with solubles 
(DDGS), and is seen as a potential feedstuff for animal agriculture. 
Therefore, the overall objective of this thesis was to evaluate a novel FB (Rhizopus 
microsporus var. oligosporus grown on thin stillage) in the diet of nursery pigs, and 
determine its lysine bioavailability, nutrient digestibility, and its effects on growth 
performance and tissue accretion. To accomplish these objectives, a series of experiments 
were conducted and are outlined in two research chapters (Chapter 2 and 3).   
In Chapter 2, two experiments were conducted using crossbred nursery pigs. The first 
experiment assessed growth performance parameters and apparent total tract digestibility 
(ATTD) of the FB incorporated into diets at three concentrations. The second experiment 
further examined apparent ileal digestibility (AID), lysine bioavailability using slope-ratio 
assays, tissue accretion rates and intestinal health. The last chapter (chapter 3) was conducted 
to assess if probiotic (Pr) supplementation would increase nutrient digestibility of the FB and 
improve growth performance, and tissue accretion of nursery pigs.  
 xi 
Piglets for all experiments were randomly assigned and housed in individual 
metabolism pens with free access to water. Pigs were fed ad libitum for the first and third 
experiments, and restricted for the second to ensure appropriate lysine uptake. Pigs were fed 
a nursery diet consisting of corn, soybean meal (SBM), and whey protein and substituted 
with or without FB. All feed contained an exogenous digestibility marker, titanium dioxide, 
for ATTD and AID of the diets. Feces were collected from all three experiments to determine 
total tract nutrient digestibility and ileal digesta from the second and third for ileal nutrient 
digestibility. In the second and third experiments, serial slaughter methods were used that 
contained initial (ISG) and final (FSG) slaughter group animals for whole body composition 
and tissue accretion rates. Intestinal health was assessed ex vivo using pig ileum and cecum 
mounted into modified Ussing chambers. 
 Results from the first chapter (Experiment 1) indicated that 10 and 20% FB inclusion 
had no negative effects on growth performance parameters of ADG, ADFI and gain:feed. 
ATTD coefficients for energy, nitrogen, fat, and phosphorus were all reduced in the 20% FB 
diet compared to the control (P < 0.05). However, compared to the control treatment pigs, 
digestible energy (DE; 4.01 Mcal/kg) values were significantly improved when feeding 10% 
FB (4.16 Mcal/kg), but not with 20% FB (3.81 Mcal/kg).  
The value of FB as a swine feed stuff is largely dependent on the bioavailability of its 
lysine to support growth. The lysine bioavailability was assessed in Experiment 2 using 
slope-ratio assay methods. These results showed that compared to Reference (Ref) diets 
containing increasing amounts of crystalline lysine that is freely available to support pig 
growth, when FB had to supply lysine as the first limiting amino acid, pigs had reduced 
growth performance (P < 0.05). Increasing lysine concentration in the diet did increase lean 
 xii 
muscle deposition, but with 100% of the lysine coming from FB, lean and protein accretion 
rates were lower than the Ref diets (P < 0.05). Lipid accretion was also diminished in FB fed 
pigs compared to Ref counterparts (P < 0.01). Using these slope-ratio assays, we determined 
that lysine bioavailability for ADG, G:F, and lean gain to be 54, 61, and 70%, respectively. 
This is similar to that of DDGS (53-69% available lysine), but lower than corn (74% 
available lysine). Apparent ileal digestibility and ATTD data followed a similar trend to 
Experiment 1. No differences were observed between pigs at the 85% lysine requirement, 
however, there was a 10-20% drop in AID for FB fed pigs compared to the Ref at the 100% 
lysine requirement (P < 0.05). No differences were observed for lysine, glutamine, and 
glucose nutrient transport, and ex vivo measures of intestinal health. 
 Using the data from the previous two experiments, we hypothesized that reduction in 
lysine bioavailability and digestibility of nutrients in FB diets was due to the high amount of 
complex polysaccharides such as chitin and chitosan. Therefore, our objective in Chapter 3 
(Experiment 3) was to test whether the addition of a Pr would increase the digestibility of FB 
and improve growth performance of nursery pigs. Results from this experiment showed no 
significant FB × Pr interaction in any parameters assessed. However, Pr increased ADG (0.47 
vs. 0.45 kg/d) and G:F (0.61 vs. 0.57), compared to the no Pr treatments (P < 0.05). 
Additionally, Pr supplementation increased AID of energy (59 vs. 53%, P < 0.10) and 
nitrogen (71 vs. 55%, P < 0.01). However, compared to non-FB diets, FB treatments 
decreased AID of nitrogen (57 vs. 69%, P < 0.01) and ATTD of energy (79 vs. 86%), 
nitrogen (74 vs. 84%) and DM (82 vs. 88%)  (P < 0.01) respectively. Inclusion of Pr to either 
0% or 20%FB diets had no effect on ATTD of nutrients and energy.  
 xiii 
 In conclusion, the FB feedstuff composition is high in fat and energy, protein and 
essential amino acids such as lysine, representing an attractive option for monogastric 
nutrition. Further, we have determined its lysine bioavailability to be 54% for ADG, which is 
similar or lower to reported values for DDGS but decreased compared to corn.  We have 
demonstrated that FB can be used as suitable replacement for corn or SBM at low inclusion 
levels (< 10%) without influencing nursery pig performance. However, the reduced nutrient 
digestibility and lysine bioavailability at higher inclusion levels (> 20%) would reduce 
overall efficiency. The reduced nutrient availability also decreases overall growth and tissue 
accretion, although no changes to intestinal health were observed. Further investigation is 
needed to evaluate other methods for increasing digestibility, such as different bacterial 
species or exogenous enzyme supplementation. Additionally, FB may be suited for 
formulation in diets of species with greater native chitinase production e.g., poultry. Lastly, 
given the anti-obesity benefit of chito-oligosaccharides, adaptation of FB for human 
consumption is an avenue that warrants research. 
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CHAPTER 1. LITERATURE REVIEW 
 
Introduction 
Feeding the world’s growing population with healthy and nutritious foods in an 
affordable, sustainable and producer profitable manner is a major issue facing agriculture in 
the 21st century. The current global population is over 7 billion people and growing at a rate 
of 1.14% per annum (Worldometers, 2014). Although, the planet has an enormous capacity 
for livestock and plant production, the increased demand for food places a further strain on 
current agricultural production resources. The livestock industry plays an integral part in 
human food supply by producing high quality protein foods (meat, eggs, and milk). 
However, the ever-changing landscape of animal agriculture has placed emphasis on 
increasing feed efficiency and yields on less feed, as feed costs continue to rise.  
Intimately joined to crop production, grain prices continually fluctuate due to altered 
weather patterns that affect planting, plant growth, and harvesting times. Furthermore, the 
demand for renewable fuel has also exacerbated prices from grains such as corn, as it is 
competitively secured and diverted away from livestock feed towards the ethanol industry. 
However, the bio-fuels industry does produce valuable feedstuffs in the form of dried 
distillers grains with solubles (DDGS), and corn gluten meal, to name a few, but consumes 
vast quantities of energy and water. As a result, it is also necessary for ethanol production to 
become more efficient in resource utilization. Development of next generation biofuels and 
co-products may help address these issues, but the nutritional value of the resultant feedstuffs 
is unknown. This literature review will provide further detail regarding U.S. grain and animal 
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agriculture and how it ties in with biofuel production and next generation processes. 
Furthermore, composition and utilization of both common feed grains and co-products and 
their relation to the swine industry will be discussed. Finally, this review will cover swine 
nutrition and feedstuff evaluation. 
 
Overview of animal and crop agriculture 
The United States is a large agricultural producer compared to most countries, 
producing a diversity of both feed grains and livestock. In 2012, the U.S. produced 11.9 
million mT of beef and veal, 10.5 million mT of pork, 16.6 million and 2.7 million mT of 
poultry meat from broilers and turkeys respectively (USDA-FAS, 2013). This high level of 
livestock production allows the U.S. to be the largest producer in the world for each meat 
group, with the exception of pork, which is dominated by China. The majority of pork 
produced within the U.S. is consumed domestically; however, the export market is still 
important to the industry. Exportation of pork from the U.S. is a large market that in 2012, 
saw the movement of 2.3 million mT with a value of $6.3 billion USD (USMEF, 2013). 
However, the U.S. also imports about 363 thousand mT of pork per year (USDA-FAS, 
2013), which is in the form of fresh and chilled pork, mostly from Canada and Denmark 
(USDA-ERSb, 2013). Data from the National Pork Producers Council (2013) indicated in 
2011 that pork industry sales totaled $97 billion as 21 billion pounds of pork were harvested 
from 110 million head.  Thus, feeding the nations swine population requires large quantities 
and multiple sources of feedstuffs. However, the commodity grains are not just sought after 
by other U.S. livestock species such as beef, dairy, turkeys, layers, and broilers, but by the 
corn ethanol and soybean biodiesel refiners.   
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The three most prominent feed commodities in the U.S. pork industry are corn, 
soybean meal (leftover from oil extraction), and wheat. According to USDA-FAS (2013), the 
2012-2013 harvest produced 273.8, 82.1, and 61.8 million mT of corn, soybeans, and wheat, 
respectively (Table 1.1).  Only 111.8, 26.6, and 9.8 million mT of corn, soybeans, and wheat, 
respectively were used as domestic livestock feed grain in 2012-2013 (USDA-FAS, 2013).  It 
should be noted that the value for soybeans is actually the domestic consumption for soybean 
meal, as raw soybeans are not typically utilized in livestock diets.  
 
 
In the United States, corn is the dominant grain commodity used for livestock feed, 
human food (i.e. corn syrups, flour, meal), ethanol production, and industrial materials. 
While corn production has steadily increased over the last three decades, data compiled by 
the Economic Research Service has shown that between 2003-2004 and 2011-2012, corn 
production was between 10.1 and 13.1 billion bushels per year (USDA-ERSa, 2013). This 
increase in production has been predominately driven by industrial usage and the steady 
demand for corn by livestock feed and human food industries. 
Table 1.1. Crop production and usage from 2012-20131 
Parameter Feed
2 
Corn  Soybeans Wheat Sorghum 
U.S. Production 273.8 82.1 61.8 6.2 
Import 3.2 0.5 3.4 0.3 
Export 19.1 36.7 27.9 2 
Domestic Feed Consumption 111.8 26.73 9.8 2.5 
Total Domestic Consumption 263.8 47.1 37.6 4.6 
1(USDA-FAS, 2013) 
2Units are million metric tons 
3Value is taken from domestic consumption of soybean meal, Soystats.com shows 24.8 for 
use in livestock in 2011 
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Livestock production has evolved for the last half-century to produce higher yields of 
meat, eggs, and milk on the same or less amount of feed. Even with this augmentation in feed 
efficiencies, increases in grain prices directly affect the cost of animal production.  
Approximately 65 to 75% of the variable costs in swine production is feed related (NPB, 
2008). Swine production has relied heavily on corn as an economical energy source to meet 
the pig’s needs for maintenance and growth. Between 2003 and 2012 the average price of 
corn has increased from $2.42 to over $6.22 (USD) per bushel, causing corn to be less 
economical. Some of the potential driving force behind the rise in corn prices has come from 
increased demand from ethanol production and reduced supply due to weather. 
The increasing demand for renewable fuels, through government regulations, has led 
to a significant rise in ethanol production. Corn usage for ethanol production has increased 
from 1.2 billion bushels in 2003-2004 to 5.0 billion bushels in 2011-2012 (USDA-ERSa, 
2013). Because of this, industrial demands have surpassed livestock production use of corn 
since 2009 (Stein and Shurson, 2009). Furthermore, as of the 2011-2012 market year, 
industrial use increased to 6.4 billion bushels while corn feed use dropped to 4.6 billion 
bushels, thereby diverting more corn away from the livestock market. Compounding this flux 
in corn use, irregular weather patterns have put a strain on corn production between years of 
high moisture (flooding and delayed planting) and drought on the Great Plains region of the 
U.S. Early corn predictions in 2012 forecasted a corn yield average of 166 bushels per acre 
with a total production estimate of about 14.8 billion bushels. However, the severe drought 
through July and August of that year reduced yields down to 122.3 bushels per acre, the 
lowest since 1995, which resulted in a 10.8 billion bushel crop while prices exceeded $8 
USD per bushel (Crutchfield, 2013).  
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To maintain profitability, producers must balance feed commodity cost versus effects 
on productivity. As such, producers have reformulated swine diets to replace corn with lower 
cost alternate ingredients such as sorghum and wheat. Additionally, producers are also 
utilizing more co-products derived from the ethanol and biodiesel industries. These co-
products, such as DDGS, are compositionally different from corn, but have been utilized for 
their lower price and ability to replace corn and soybean meal in the swine diet.  
 
Biofuel production and feedstuffs 
Corn Ethanol Production 
  Production of ethanol can occur using a number of substrates and processes. The 
primary ethanol substrates used worldwide are corn and sugarcane, although significant 
research dollars have been put into cellulosic-based ethanol fermentation. In the U.S., dry 
and wet milling are the common methods used for ethanol production, although dry milling 
accounts for greater than 80% of all plants due to its lower capital costs (AFDC, 2013b). For 
the purpose of this review, dry milling will be emphasized. 
The dry-milling technique utilizes whole corn kernels and screens away any 
undesirable components such as cobs and stalks (Figure 1.1).  The kernels are milled to break 
open the hull and increase surface area. The milled corn is then steeped in water with α-
amylase and acids to further break down starch and structural components, respectively, and 
sulfur dioxide is added as an antimicrobial. The corn steep is heated to 110 to 125˚C to help 
aid in the destruction of contaminating microbes and additional breakdown of complex 
molecules such as cellulose, to release sugars for fermentation. After a short cool-down 
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period, glucoamylase is added to assist with breakdown of polysaccharide chains that form 
amylose and amylopectin (starch). The resulting malt liquid is then fermented using yeast 
e.g., Saccharomyces cerevisiae, to produce alcohol. The yeast uses the liberated simple 
sugars for glycolysis; however, the anaerobic environment drives any generated pyruvate to 
be fermented to alcohol. The alcohol is subsequently distilled off and further processed 
before being sold for fuel purposes.  
  
Figure 1.1.  Dry-mill ethanol production schematic, adapted from (CFIA, 2013) 
 
The resultant whole stillage is centrifuged to separate the solids from the liquid. The 
remaining liquid, referred to as thin stillage, can be recycled back into the fermentation 
process as a means of conserving water and allowing a second pass as unutilized nutrients 
and enzymes are still present in the medium. The disadvantage of this process is that the 
presence of glycerol and organic acids, largely lactic and acetic acid, that are in sufficient 
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concentration in the liquid can limit or inhibit yeast growth. This limits the amount of stillage 
that can be recycled back, typically being no greater than 50%. The leftover thin stillage can 
be flash evaporated into condensed distillers solubles (CDS) syrup that is sold as is or mixed 
with distillers grains. The solids collected from centrifugation are either sold as wet distillers 
grains (WDG) or dried distillers grains (DDG). The solubles syrup is typically added back 
into DDG to produce dried distillers grains with solubles (DDGS) (RFA, 2013). Co-products 
from dry-mill plants are predominately sold to livestock producers or exported, whereas 
those from wet-mill plants may also be used for industrial purposes e.g., food industry, in 
addition to use by livestock. 
Corn-ethanol plants in the U.S. currently have a production capacity of 13 billion 
gallons of ethanol per year (EIA, 2012). However, two major shortfalls in ethanol production 
are the large inputs of water and energy into the processing procedures. Energy use for 
ethanol production is approximately 70% (40% with byproduct credit) of the amount found 
in the ethanol (Shapouri et al., 2010). Further, it is estimated that 45 billion gallons of water 
was used producing this amount of ethanol (Aden, 2007). However, ethanol plants have 
expanded water reclamation efforts to clean and recycle water used and the amount of water 
needed to produce one gal of ethanol has dropped from 5.8 to 3 gal water in 10 years 
(Ahmetovic et al., 2010). Proposed plant modifications to minimize energy consumption can 
result in process water networks that lower water consumption (Ahmetovic et al., 2010). 
	    
Rhizopus microsporus Biomass Process 
 
To improve the efficiency of biofuels production, newer approaches to utilize the 
waste stream of ethanol plants and aid in water conservation are being explored, one of these 
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being fungal cultivation. Mitra et al. (2012) and Rasmussen et al. (2014) previously 
characterized a process to remove organic compounds from thin stillage using fungal 
cultivation. This process enables stillage effluent to be recycled, avoiding water evaporation 
and associated energy costs. Furthermore, the resulting fungal biomass results in potential 
value-added product for pharmaceutical products and livestock feed. 
Thin stillage contains organic compounds, and micronutrients, being somewhat 
acidic, making it an ideal feedstock for fungal cultivation. The bioremediation of thin stillage 
serves three functions. First, thin stillage is composed of many metabolites such as glycerol, 
acetic and lactic acid that are produced in ethanol fermentation, but are inhibitory to yeast in 
sufficient concentrations. The fungus is capable of metabolizing not only these nutrients, but 
also other nutrients that may be bound up in the fiber fractions of the corn kernel. Second, the 
removal of these limiting nutrients allows for recycling of this remediated product back into 
the ethanol process. This facilitates water and nutrient recycling and with less thin stillage 
going to the evaporator and dryer, also lowers energy inputs. Finally, the growth of fungus on 
the thin stillage results in fungal biomass that can be harvested, dried, and used either as an 
animal feed or for extraction of fungal chitin and oil for use in other industrial processes. In 
addition to using corn stillage for remediation, sugarcane stillage or vinasse has also been 
tested as a medium for fungal growth (Nitayavardhana et al., 2012). 
Fungal biomass production (Figure 1.2) begins with inoculating sterile Yeast Malt 
Broth (Difco, Franklin Lakes, NJ), pH 4.2, with Rhizopus microsporus var. oligosporus 
spores and shaking in 38˚C incubator. A viable culture is obtained after 24 h. A sterilized 
1,600 L reactor is filled with thin stillage, cooled to 38˚C, and then inoculated with 8 L of 
cultured fungus, sealed, and aerated. The reactor is then kept between 34-40˚C for 48 h. The 
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fungal biomass can be harvested after a 24-h period, but yield increases with time. At the 
time of harvest, the medium is pumped over screens to separate the solids away from the 
liquid (van Leeuwen et al., 2010). The solids (biomass) are then centrifuged to further 
remove water (concentrating it from 10% solids to 25% solids). This biomass can then be 
dried and milled for inclusion in animal feed or can have the chitin extracted for 
pharmaceutical use. A chemical composition analysis of fungal biomass can be found in 
Table 1. 
 
Figure 1.2. Process for producing fungal biomass and how it fits into current ethanol 
production. Adapted from (CFIA, 2013) 
 
Biodiesel production 
Unlike ethanol production that utilizes corn, the biodiesel industry utilizes lipids in its 
production process, larglely soybean oil. Soybeans are highly valued by producers because of 
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their high protein and lipid content. Soybean usage by the livestock industry is mainly in the 
form of soybean meal (SBM) as heat treatment of soybeans during processing inactivates 
trypsin inhibitors glycinin and conglycinin. Soybean processing utilizes solvent extraction to 
liberate the oil for use in either food or industrial uses, including biofuel production. 
Extraction of oil from soybeans decreases energy content of SBM fed to livestock (NRC, 
2012).  
Biodiesel represents another prominent biofuel used within the U.S. However, unlike 
ethanol production, biodiesel production uses a trans-esterification chemical process instead 
of yeast fermentation. This process utilizes a different substrate, such as oils derived from 
plants, animals, or yellow grease (used restaurant oils). Thus biodiesel is highly efficient by 
using waste products and abundant biorenewable sources. 
 Data regarding biodiesel processing and production has been comprehensively 
compiled by Van Gerpen (2005). The biodiesel process (Figure 1.3) begins with oil and fats 
being dehydrated, filtered, and degummed (removal of phospholipids). These steps are 
necessary reduce soap formation, while filtering is critical for removing particles found in 
yellow grease. The substrate is then reacted with an acid or base catalyst, depending on the 
particular process method, and methanol in a process called trans-esterification. This step 
facilitates the breakdown of triacylglycerols into glycerol and free fatty acids, which allows 
the free fatty acids to be re-esterified into a methyl ester, biodiesel. A separation step 
removes glycerol via density differences, and distillation to recycle any excess methanol. The 
biodiesel is then washed and dried (water removal) to purify the product before shipping. 
Biodiesel is further integrated into regular petroleum-based diesel at 5 to 20% inclusion. 
Biodiesel is often seen as green substitute because it is derived from biorenewable sources, 
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and upon combustion, results in little to no sulfur production unlike petroleum-based diesel 
fuel. Given the plentiful stock of oils for use, biodiesel cannot alone replace petroleum-based 
diesel, but can displace at least 14% of use as of 2005 (Van Gerpen, 2005). Additionally, data 
from the Energy Information Administration reported 991 million gal (US) of biodiesel were 
produced in 2012 with approximately 90% being consumed domestically.  
 
 
Figure 1.3. Schematic of Biodiesel Production (AFDC, 2013a) 
 
 
Importantly, unlike the ethanol industry, biodiesel has a reduced impact on the 
livestock and feed industry due to the process using different substrates for production. 
Ethanol production in the U.S. relies on corn, which is directly used as a feed ingredient in 
every livestock species. On the other hand, usage of animal fat, trimmed off during meat 
processing, and used cooking, and co-product oils for biodiesel, has created a market for 
these “waste” products. Furthermore, glycerol or glycerin produced from the biodiesel 
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process can also be fed to livestock serving as an energy source, as glycerol is a glucose 
precursor.  
 
Cellulosic Production 
 
 Known as the next generation of biofuel production, one alternative to corn ethanol is 
cellulosic ethanol production. Instead of relying on crops that are abundant in starch or sugar, 
this process aims to use the woody or structural biomass from plants such as corn stalks, 
grasses, and woodchips. Cellulosic materials are polymers of glucose, fructose, xylose, etc., 
which are found in similar linear and branched structures like amylose and amylopectin. 
However, unlike amylose and amylopectin, which are attached through α-linkages, cellulose 
and hemicellulose have β-linkages that connect the glucose units. To break these two 
different bonds, enzymes require specific α or β activity in the catalytic site. Lower-order 
organisms traditional contain both types as they scavenge from different sources. Although 
some-higher order animals, like ruminants, through microbial fermentation, can still break 
down plant fibers, most monogastric animals only natively produce α-linkage enzymes in 
their upper gastrointestinal tract to the distal end of the ileum. The diverse microflora of the 
large intestine in most animals allows for the fermentation of fibers to volatile fatty acids, 
which can be absorbed for energy. 
Furthermore, lignin wraps around cellulose and hemicellulose providing structural 
stability, but blocks access for enzymes to cleave their intended targets. Although the ethanol 
process is very similar regarding sugar fermentation, cellulosic material requires pretreatment 
to help break down the complex molecules into small, simpler substrates. There are three 
processes for producing ethanol from cellulosic materials: acid or alkaline hydrolysis, 
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enzymatic hydrolysis, and thermochemical (Badger, 2002). Acid hydrolysis uses different 
concentrations of acid and altered temperature and pressure to hydrolyze sugars from the 
plant matter. This method is most common, but can be less efficient as free sugars can also 
react with acid to form other compounds. Alkaline pretreatment opens up the crystalline 
structure to better enable subsequent enzymatic saccharification. Enzymatic hydrolysis 
allows for microbes to produce cellulases to enzymatically break down the plant matter. 
However, the need for pretreatment of the materials, cost of supplemental enzymes and long 
production time makes this method more time consuming and expensive (Tao and Aden, 
2009). Extensive research is going into this method to make it more cost effective, as the 
process is efficient and the energy cost lower. The thermochemical process sees the plant 
matter thermo-chemically gasified and catalysts or microorganisms can convert the gas 
produced into ethanol. This method may also be somewhat expensive, but has a similar 
economic and environmental impact compared to enzymatic hydrolysis (Foust et al., 2009). 
Even with these different processes, cellulosic production still needs significant research to 
improve efficiency and cost. 
 
Chemical and nutritional composition of corn, soybeans, and co-products 
 Growing pigs require a variety of nutrients to support optimal growth and maximize 
production ability: amino acids, fat, carbohydrates, minerals, vitamins, and water. The 
majority of feed ingredients are composed of these nutrients, but composition can vary 
between plant species and processing. Often minerals, vitamins, and some crystalline amino 
acids may be supplemented to meet or exceed the requirements of the pig. 
As mentioned previously, corn is valued as a economical energy feed commodity for 
livestock producers. The energy comes from the vast quantity of starch (Table 1.2) found in 
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the corn kernel. Some energy is also obtained from the oil in the seed; however, this is 
relatively small compared to the starch fraction. Unfortunately, corn grain is not well valued 
for its essential amino acid profile due to its low crude protein and lysine content. Therefore, 
strict corn diets require additional amino acid supplementation to balance the diet to 
maximize performance. Common commercial swine diets use soybean meal for 
complementary amino acid composition relative to corn, to meet the amino acid requirements 
of the animal. The starch in corn not only serves as a good energy source for animal 
production, but also is a substrate for ethanol fermentation previously mentioned. 
 
Table 1.2.  Feed Ingredient Composition, Dry Matter Basis (adapted from NRC 
2012)  
Composition, % Corn DDGS,  6-9% Oil SBM
1 Glycerin, 
USP2 
Fungal 
Biomass3 
Crude Protein 8.24 27.36 47.73  33 - 41 Crude Fiber 1.98 8.92 3.89  9.1 Ether Extract 3.48 8.90 1.52  33.0 Starch 62.55 9.63 1.89  2.6 Ash 1.30 4.04 6.27  6.1 - 7.4 Phosphorus 0.26 0.60 0.71  1.4 Lysine 0.25 0.90 2.96  1.2 - 1.6 Methionine 0.18 0.57 0.66  0.44 - 0.60 Tryptophan 0.06 0.20 0.66  0.27 Threonine 0.28 0.99 1.86  0.93 - 1.2 ME, kcal/kg 3,395 3,396 3,294 3,682 4,4824 
Lysine AID, % 60 55 87   
Lysine SID, % 74 61 89   
1Soybean meal, Dehulled, Solvent Extracted 
2Glycerin value may differ depending on source (Kerr et al., 2009), U.S. 
Pharmacopeia 
3Fungal biomass analysis from Medallion Laboratories and AURI 
4Calculated using equations from Noblet and Perez 1993 
 
After dry-grind ethanol production, the remaining solids and nutrients in the liquid 
are eventually dried together, producing DDGS. On a DM basis, DDGS contains the same 
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amount of energy as corn. In contrast, the crude protein, lipid, and fiber concentration in 
DDGS is approximately three times the amount compared to corn. This composition of 
DDGS allows it to serve as a partial replacement for corn and soybean meal in swine diets, 
due to the energy and amino acid content. However, there are limitations for DDGS inclusion 
in swine diets, which will be discussed later in this review. 
Traditional soybean meal is utilized for its high crude protein and oil content. It is 
common that soybean meal is solvent extracted to remove the oil for other commercial use. 
Because of this extraction, the metabolizable energy (ME) value can be decreased by 15% 
(NRC, 2012). Additionally, soybean meal is typically dehulled to reduce fiber content, 
although hulls may be added to bulk-up diets or for usage in ruminant species. Soybean meal 
provides significantly more amino acids than corn, especially the essential amino acids like 
lysine and threonine. Conversely, soybean meal is low in methionine requiring 
supplementation from other ingredients. Soybean oil may also be supplemented into the diet 
to boost energy content for metabolism. 
Biodiesel production does not utilize soybean meal, but instead uses the extracted oil 
or other oil sources. The resulting byproduct from the biodiesel process is glycerin or 
glycerol. Glycerol is useful as an energy source for animals, because it is energy dense. 
Glycerol can be processed in the liver to glyceraldehyde 3-phosphate and can either be used 
in glycolysis for energy or converted to glucose via gluconeogenesis when energy needs are 
low. It is important to note that like DDGS, different processes and substrates may result in 
slightly different composition and ME content (Kerr et al., 2009). 
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Biofuel byproducts  
 
 Although DDGS usage has been discussed already, it is worth noting that DDGS can 
vary based on corn and process types. More recently, DDGS have also been modified to have 
different oil content, as oil can be extracted for other uses, and high protein variants (HP-
DDGS) have also been produced and sold (NRC, 2012). 
Even though corn DDGS and glycerol are two of the most common biofuel co-
products used in the U.S., distiller’s grains may come from other sources such as wheat, 
triticale, and sorghum. Similar to corn-derived DDGS, these other DDGS types are higher in 
crude protein, fat, and fiber and lower in starch when compared with the original grain. 
Obtaining these types of DDGS is highly dependent on location of where the grain is sourced 
from and ethanol produced. 
 Distiller’s grains are not the only type of co-products produced. Wet-milled corn 
ethanol production facilitates the separation of corn kernel components (RFA, 2011). The 
germ and fiber fractions are used for production of corn oil, germ, or germ meal and gluten 
protein is processed to corn gluten feed or meal. The starch fraction can be used for ethanol, 
as previously detailed, or alternatively, refined or dried for syrup or starch respectively.  The 
Renewable Fuels Association (2013) also has shown that production of co-products from wet 
mills has been consistent over the last decade, while DDGS has risen rapidly due to the 
number of dry-mill plants coming online from 2001-2011.  
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Current use of co-products 
Dried distillers grains with solubles are used for livestock feed as a protein and 
energy source, but its high PUFA and sulfur content (NRC 2012) is of particular concern for 
swine and cattle. A review by Stein and Shurson (2009) indicated that DDGS can be 
formulated into diets up to 30% in weanling and grow-finish diets, although gestating sows 
can utilize up to 50% DDGS. Pigs fed DDGS may have lower dressing percentages, but 
primary carcass traits such as backfat thickness and loin depth are not affected (Stein and 
Shurson, 2009). Belly firmness is much softer due to the higher percentages of unsaturated 
fat acids within DDGS that results in increased iodine levels for the carcass fat. Higher iodine 
levels have been known to cause “soft bellies”, which represents a problem for meat 
processors. To counter this, addition of conjugated linoleic acid in the diet before slaughter 
may partially lower the iodine value (White et al., 2009). Work by Xu et al., (2010) 
demonstrated iodine values where lowered when pigs were removed from DDGS at least 3 
wk prior to slaughter. Both of these options present ways for producers to mitigate pig feed 
costs and avoid deductions relative to carcass value when selling pigs fed high levels of 
DDGS.  
Interestingly, DDGS in swine diets have been shown to modulate health. Previous 
work by Whitney et al., (2006b), showed that pigs fed a 10% DDGS-based diet decreased 
lesion length and prevalence in the ileum and colon, similar to antibiotic treated animals, 
when moderately challenged with Lawsonia intracellularis. However, when the challenge 
was more severe, there was no mediation by DDGS inclusion (Whitney et al., 2006a). 
Glycerin or glycerol from the biodiesel process can be utilized in livestock as an 
energy source. Adding glycerin at 8% or less on a DM basis was shown to increase BW gain 
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and feed efficiency in diets of finishing cattle (Parsons et al., 2009). Glycerin can also be 
used as an energy source in nursery pigs (Kerr et al., 2009) and can be fed at 15% with no 
negative effects on growth performance and carcass quality in finishing pigs (Mendoza et al., 
2010). Additionally, Shields et al. (2011) reported increased nursery pig growth performance 
when glycerol was fed at 10% in the nursery phase. Lammers et al. (2008) reported no effect 
on performance, carcass composition, meat quality, or lesion scores when pigs were fed up to 
10% crude glycerin. However, Duttlinger et al. (2012); Lee et al. (2013) also reported that 
glycerol fed in conjunction with DDGS had no effect on pig performance and carcass traits 
and did not reduce carcass fat unsaturation. Lactating sows fed 9% crude glycerin had similar 
performance to standard corn-SBM diets (Schleck et al., 2010). These data provide support 
for the usage of glycerol in the swine industry. Currently, fungal biomass and cellulytic 
ethanol by-products are not widely available and used in the industry. However, as further 
research continues to optimize process efficiency and reduce costs, these technologies may 
soon become more common. 
 
Fungal biomass composition and potential use benefits 
The fungus, Rhizopus microsporus var. oligosporus (RO), grows through filamentous 
mycelia that enable breakdown of fiber and metabolism of glycerol, acetic and lactic acid in 
the thin stillage as previously mentioned. This organism is commonly used as a starter 
culture for tempeh, an Indonesian food, by fermenting softened soybeans with the fungus. 
The fungal hyphae penetrate and secrete lipases, proteases, pectinases and phytases, enabling 
RO to break down and metabolize nutrients within the soybeans (Nout, 1992). Mycelium 
growth around the soybeans results in the cake-like characteristics of tempeh. Rhizopus 
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microsporus var. oligosporus has also been shown to produce an antimicrobial that inhibits 
growth of gram-positive organisms such as Bacilius subtilis and Staphylococcus aureus 
(Kobayasi et al., 1992). Additionally, RO fermentation reduced mycotoxin levels by 70% in 
peanut press cake, although lower reductions in tempeh were observed (Steinkraus, 2009). 
When tempeh is prepared correctly, it appears to be a low-risk food from a food-safety 
standpoint while providing good protein nutrition for humans. 
When considered as a feed source for livestock, fungal biomass (FB) shows potential 
as a value-added feed. As shown in Table 1.2, FB has similar composition to DDGS, but is 
created from a different source material. It is interesting to note that while DDGS is the 
combined solids and evaporated thin stillage, FB is mainly fungal mycelia cultivated on thin 
stillage. The composition of FB, compared to DDGS on a DM basis, has higher crude protein 
(36 vs. 30%), and crude fat (25.1 vs. 13.4%), which can be attributed to fungal cells, while 
the NDF is about a third less (21.1 vs. 33.5%) due to fungal breakdown of any residual fiber 
found in the thin stillage. From a mineral perspective, phosphorus (1.3 vs. 0.9%) and ash (6.5 
vs. 5.1%) are slightly higher in FB. Fungal biomass has a lower concentration of methionine 
(0.21 vs. 0.5%), similar tryptophan (0.27 vs. 0.25%) and a higher threonine (1.10 vs. 0.94%) 
and lysine (1.54 vs. 0.66%) than DDGS. The biomass also contains additional complex 
polysaccharides such as chitin, chitosan, and β-glucans (Rop et al., 2009), which may have 
health promoting benefits (Friedman and Juneja, 2010). This fungal product represents a 
possible alternative to other feed supplements currently on the market. However, it is first 
necessary to characterize the biomass to determine its effects on growing pigs and on 
intestinal health. 
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Feed components such as fat, carbohydrates, and amino acids are necessary for 
metabolism and tissue growth. However, other complex nutrients such as non-starch 
polysaccharides may also impact gut health. A few components such as β-glucans, chitin-
chitosan, or chito-oligosaccharides, as found in FB, have been researched for their effects. β-
glucans, which are derived from seaweed, plants, and yeast have been used in research to 
identify potential health benefits. β-glucans derived from seaweed (Laminaria) and yeast 
(Saccharomyces cerevisiae) fed to pigs were shown to significantly reduce Enterobacteria 
populations within ileum and proximal colon and a non-significant reduction in the cecum 
(Sweeny et al., 2012). Additionally, when pigs were challenged with lipopolysaccharide 
(LPS), β-glucan supplementation had no effect on pro- or anti-inflammatory cytokine 
expression (interleukin-1α, -17A, -10, and tumor necrosis factor-α) in the ileum. However, 
expression of these genes was down-regulated within the colon. Supplementation with a 
barley-derived β-glucan source had no effect on BW, ADG, and G:F, or intestinal 
morphology, but enterotoxigenic E.coli (ETEC) was determined to adhere more readily to 
epithelial cells in β-glucan treatment. Ex vivo intestinal function and integrity assessment 
utilizing Ussing chambers has shown no difference in jejunum mannitol flux or conductance 
(inverse of resistance), but in the ileum, high dose β-glucan increased mannitol flux and 
conductance (lower resistance), demonstrating an increase in gut permeability and greater 
potential for nutrient leakage or pathogen invasion (Ewaschuck et al., 2012). 
Another non-starch polysaccharide, chitin and its derivatives, are commonly found in 
insects, crustacean shells, and fungi. Crustaceans are the main commercial source of chitin, 
although fungal extraction represents an alternate source. Both chitin and its partially 
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deacetylated form, chitosan, have been used for medical and agricultural practices and have a 
variety of environmental applications. 
Chitosan nanoparticles and solutions were tested in Calu-3 cells, a lung linage used 
for nasal studies, showed a decrease in transepithelial resistance (TER), a marker of intestinal 
integrity, and the tight junction protein ZO-1 (zona occludin), organization resulting in 
increased permeability (Vllasaliu et al., 2010). Increased TER indicates lower permeability in 
the intestines and may represent a reduced likelihood of pathogen invasion or nutrient 
leakage, but decreased TER, in a diseased state, may indicate the opposite. Chitosan was 
shown to cause tight junction modification by internalization and lysosomal degradation of 
Claudin 4 in Caco-2 cells, a transformed colonocyte line. Subsequent removal of chitosan led 
to up-regulation and synthesis of Claudin 4 and restoration of TER (Yeh et al., 2011). 
Additional research found that chitosan did decrease TER and increase permeability in HT-
29/B6 cells, however no tight junction alteration occurred (Rosenthal et al., 2012). Feeding 
chito-oligosaccharide to weanling pigs showed an increase in ADG and G:F, and no effect on 
intestinal morphology and an increase in Bifidobacteria  in the cecum after 14 days (Yang et 
al., 2012). 
Other complex polysaccharides have been researched for potential as prebiotics, 
compounds that promote commensal bacteria growth and intestinal health. Trans-
galactooligosaccharides have been explored for use in modulating the microbiome, metabolic 
syndrome and immune function in overweight adults (Vulevic et al., 2013). Likewise, 
resistant starch has been shown to modulate microbiota and metabolic function of the colon 
proteome (Haenen et al., 2013). Overall, prebiotics have been demonstrated to decrease 
weight gain and inflammation while promoting proliferation of beneficial microbial species 
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e.g., Bifidobacterium (Tavares da Silva et al., 2013). These data suggest that complex 
polysaccharides can modulate the microbiome and the intestinal epithelium health. 
 
Animal Nutrition 
 An animal needs optimal nutrition to grow and be productive throughout its lifespan. 
Formulating a nutritious diet can be done with ease, but it is necessary to account for nutrient 
availability and digestibility. Availability refers to nutrients that are available for absorption 
and metabolism in the body. Some nutrients like amino acids or sugars may not be available 
due to conformation. L-lysine can be used by pigs, but its mirror form, D-lysine, cannot. 
Other nutrients may not be available if they are bound up in fibrous materials or the animal 
lacks the necessary enzymes to cleave those bonds. In a similar manner, digestibility is about 
how well a feedstuff is broken down through digestion to be absorbed. Feedstuffs that are 
highly available and digestible can be more efficiently utilized compared to those that are 
low e.g., corn kernels vs. corn stalks.  
All key nutrients are important, but in production, energy and amino acids are the 
biggest concern. Although not a nutrient, energy is necessary in the diet to fuel metabolism 
for tissue deposition. Energy can come from protein, carbohydrates (from sugars or fiber 
fermented to volatile fatty acids), and fat. However it is more cost effective to obtain energy 
from the latter two sources than protein, as protein is often an expensive ingredient. Energy is 
used for both maintenance purposes and for production (gestation, lactation, and tissue 
deposition), although energy for maintenance must be met before any can be diverted for 
productive purposes. Any excess energy surpassing the animal’s needs for maintenance and 
production will then be deposited into adipose tissue. 
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Amino Acids 
Pigs require a balanced amino acid intake, meeting all necessary requirements, to 
maximize muscle deposition. Any amino acids in excess of requirements are then catabolized 
for energy. Amino acids are separated into three classes: essential, nonessential, and 
conditionally essential (Table 1.3). Nonessential amino acids are those that can be 
synthesized by the animal at a rate that meets or exceeds the animal’s requirement and does 
not require supplementation, even though they may be present in the diet. On the other hand, 
essential amino acids must be supplied in the diet, as they cannot be synthesized, and a 
deficiency can result in decreased productivity. Conditionally essential amino acids are those 
that may not be synthesized at rate sufficient to meet the needs of the animal at a point in 
time. For example, arginine is considered essential in young animals, but becomes 
nonessential as the animal matures and synthesis rate is parallel to its need. The amino acids 
that are often limiting in the swine diet are lysine, methionine, threonine, and tryptophan. It is 
common for the first three to be supplemented in synthetic crystalline form for most diets.  
Table 1.3. Essential, nonessential, and conditionally 
essential amino acids for pigs1  
Essential Nonessential Conditionally Essential 
Histidine Alanine Arginine 
Isoleucine Asparagine Cysteine 
Leucine Aspartate Glutamine 
Lysine* Glutamate Proline 
Methionine* Glycine Tyrosine 
Phenylalanine Serine  
Threonine*   
Tryptophan*   
Valine     
1Adapted from (NRC, 2012) 
*Limiting amino acids in the swine diet 
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Energy 
Energy encompasses almost all components of the diet besides water and minerals. 
Not all energy that is ingested can be used to limitations in digestion and absorption, and 
some energy absorbed is not fully utilized for metabolism (Figure 1.4) (Patience, 2012). 
Energy may be reported as gross energy, but diets are commonly formulated on a 
metabolizable energy basis. The total energy in a feedstuff is gross energy (GE). By taking 
the GE and subtracting the energy remaining in the feces, we ascertain digestible energy 
(DE). Energy can also be lost through urine (urea from amino acid catabolism) and gases 
(from fermentation in the hindgut), and this loss when subtracted from DE results in 
metabolizable energy (ME).  
 
Figure 1.4. Breakdown of energy as it is processed through the body. Once maintenance 
requirements are met, excess energy will diverted to production. 
 
The majority of diets formulated are done so on a ME basis. Finally, when the loss of heat 
from metabolism is removed from ME, this gives us net energy (NE). Net energy is the 
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energy that is available for maintenance, growth and lactation. Thus, not all of the energy 
consumed is directly utilized by the animal, but is lost through incomplete efficiencies. 
 
Vitamins and Minerals 
Vitamins and minerals also play a critical role optimizing pig health, well-being and 
performance. They function as cofactors for enzymes, part of tissue matrices, have 
antioxidant capacity and can affect overall health. Deficiency in any single vitamin or 
mineral can have dire consequences on animal production. However, these are rarely an issue 
as vitamin and mineral premixes are added to the diet to ensure that the animal’s 
requirements are met with ease. The following sections will provide further detail regarding 
nutrition concepts and feed evaluation. 
 
Health and Performance Modifiers 
 
To promote feed efficiency in animals, outside of genetic selection, different 
additives have been used throughout the industry. Antibiotics have been predominately used 
as they help suppress the microbiome, prevent some pathogenic organisms from growing, 
and improve growth performance. However, due to the development of antibiotic resistant 
strains, antibiotic usage is losing popularity in the public image and is being removed the 
European Union. As such, other methods are needed to promote health and continued 
productivity. Enzymes have been accepted for use in the swine and poultry industries as a 
method of increasing nutrient availability for utilization. Enzymes do not directly confer a 
health benefit; however, the resulting oligosaccharides from enzymatic digestion may be 
beneficial as prebiotics for commensal microflora (Kiarie et al., 2013). Furthermore, Kiarie’s 
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review reported that feed enzymes and their actions might help alleviate animals in challenge 
models while increasing feed intake and gain. A comprehensive review by Roberfroid et al. 
(2010) reported prebiotics having mixed effects, but overall prebiotics do modulate the gut 
microbiome and promote growth of Bifidobacteria spp. (lactic acid producing bacteria), a 
beneficial species. 
 Probiotics have been the next natural choice as growth promoters as they are 
microorganisms that are commensal to hosts, outcompete pathogenic organisms for nutrients, 
and/or produce antimicrobials thus suppressing them, stimulate the immune system, and have 
favorable interaction with the host microflora. However, a disadvantage to probiotic usage is 
the challenge of an organism colonizing the gut, requiring continual supplementation to 
maintain the effect. Most probiotic species chosen for experimentation are those belonging to 
the lactic acid producing bacteria. These organisms are regarded for their ability to produce 
lactic acid from numerous substrates, which can inhibit pathogenic bacteria. There are 
numerous studies working to characterize probiotics and their effects on health and growth 
performance. Wang et al. (2012) reported higher weight gain and feed efficiency in pigs fed a 
Lactobacillus probiotic when compared with control and antibiotic treated pigs. Many other 
studies have been summarized already (Cho et al., 2011) with a common consensus, that 
probiotics fed at a concentration of 106 CFU/g have been able to improve growth rates and 
feed efficiency in pigs of different ages. Probiotics may also increase digestibility of nutrients 
due to production of catabolic enzymes. Work by Giang et al. (2010) showed an increase in 
AID and ATTD in weaned pigs 14 days postwean using multiple probiotic strains. As the 
U.S. livestock industry will likely have to move away from antibiotics in the future, it will be 
necessary for probiotics to be developed to help cover the gap. 
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Feedstuff Evaluation	  
Before a nutritional product is placed in the swine industry it is subjected to 
evaluation for its ability to regulate growth performance, nutrient digestibility, and general 
intestinal health. Animal experiments can then be conducted to determine general 
performance or look at a specific nutrient like lysine. Each of these areas can be further 
examined for more detailed information to provide a proper estimation of how these nutrients 
may affect the animal’s physiology and what value the product has. The following section 
will provide clarity regarding methods for product evaluation. 
 
Performance and Digestibility 
Assessment of any feed ingredient requires knowledge of two general parameters: 
growth performance and digestibility. Growth performance can easily be assessed through 
weekly BW, and feed intake providing ADFI (kg feed/day), ADG (kg BW/day), and G:F 
ratio (kg BW/kg feed). Decreases in either ADG or ADFI can be a sign of health status, but is 
not absolute. Nutrient digestibility, on the other hand, can be used to provide information on 
how much of a nutrient or feed source is being digested and absorbed by the animal. By 
using an indigestible marker in the diet such as chromic oxide or titanium dioxide, we can 
use digesta and feed samples to calculate digestibility’s diet components such as crude 
protein down to individual amino acids.  
Digestibility of a feedstuff depends mostly on the general composition (proteins, 
lipids, and carbohydrates) of the feed. However, digestibility can be affected through the 
action of protease inhibitors within feed, such as glycinin and β-conglycinin in soybeans, or 
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due to the presence of non-starch polysaccharides (NSP) that cannot be broken down by the 
animal’s digestive enzymes. Non-starch polysaccharides and other fiber components have 
minimal digestion in the small intestine and are passed on to the large intestine. The cecum 
and proximal colon are the primary sites for fiber fermentation in the large intestine. Hindgut 
fermentation produces volatile fatty acids (VFAs), which serve as intermediates for 
gluconeogenesis, lipogenesis, or the TCA cycle in the enterocytes and throughout the body. 
Butyrate has also been shown to positively influence cell proliferation and differentiation, 
and secretion of antimicrobial peptides, e.g., defensins. (Sunkara et al., 2011). Additionally, 
non-starch polysaccharides can also serve as prebiotics, i.e., a food source for healthy 
commensal bacteria in the intestines (Liu et al., 2010).  As previously mentioned, the FB 
contains chitin, chitosan, and β-glucans, which are classified as non-starch polysaccharides 
and have been noted for their role in intestinal health. 
A recent review by Stein et al. (2007), clarified the usage of digestibility terms. The 
broadest or crudest measure of digestibility is apparent total tract digestibility (ATTD). This 
method compares excreted feces against the feed and is useful for being easy to get from live 
animals and provides crude approximation of nutrient digestibility. The disadvantage of this 
technique is that it does not account for endogenous losses, such as secreted enzymes, 
mucous or sloughed off intestinal epithelial cells, from the animal or microbial fermentation 
of nutrients passing through the large intestine. To better approximate nutrient digestibility, 
digesta can be collected from the distal ileum using either cannulation or euthanasia followed 
by collection. Apparent ileal digestibility (AID) is useful as it eliminates microbial 
fermentation variation and accounts for nutrients being absorbed by the small intestine. 
However, this method still does not account for endogenous losses without using prediction 
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equations and also requires surgery to place cannulas and/or euthanasia of the animal. By 
accounting for basal endogenous losses, usually through a protein-free diet, the data can be 
corrected to provide standardized ileal digestibility (SID). Further correction for specific 
endogenous loss can give us true ileal digestibility (TID). However, the difficulty with 
getting accurate data makes TID a less viable option. For example, recent work by Adeola 
and Ragland (2012), determined that the lysine SID for DDG and DDGS to be 88.6 and 
79.9% respectively. Being able to compare FB digestibility against common industry 
feedstuffs will be necessary for estimating the value of this product. Digestibility can be 
calculated for multiple parameters. Common ones include DM, nitrogen, crude fat, energy, 
and minerals like phosphorus. It is important to keep in mind that growth is not only based 
digestibility but also the availability of nutrients and loss through metabolism.  
 
Slope-ratio assay for bioavailability 
Amino acid bioavailability can be determined through digestibility work, but as an 
alternative, slope-ratio assays may also be used. Slope-ratio assays (Figure 1.5) allow for 
comparison of a feed ingredient or drug to a reference. Briefly, a basal diet is formulated with 
a given concentration (N grams of X) of a compound, e.g., lysine. Increasing amounts of X 
(N+1, +2, +3 grams of X) are then fed using the experimental source and a known reference. 
Increasing amounts of X are then plotted against a response component such as growth. 
Using common-intercept multiple linear regression analysis, the availability of X can then be 
determined based on the reference. 
Work by Adeola (2009) assessed relative bioavailability of threonine and tryptophan 
in peanut meal using weight gain (70.4, and 86.1%) and G:F (75.5, and 73.0%), respectively.  
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Figure 1.5. Slope-ratio assay using common intercept, multiple linear regression analysis. 
Lines share a common intercept at 0. Slopes for the lines: Sample 1: 1, Sample 2: 2, and 
Reference: 1.5. Ratio of slopes determines bioavailability relative to reference. Sample 1: 
Reference = 1/1.5 = 67%; Sample 2: Reference = 2/1.5 = 133% 
 
Lysine, the first limiting amino acid in swine, bioavailability was also determined for 
several protein supplement sources, i.e. fish meal, and soybean meal (Batterham et al., 1979). 
A higher availability thus indicates a greater potential for animals to capture nutrients in the 
diet.  
 
Tissue Accretion 
Digestibility and availability of nutrients is necessary for an animal to not only 
maintain form and function, but also to grow and deposit lean muscle, adipose tissue, and 
bone. The simplest form of measuring tissue accretion is comparing BW gain over time. 
Even though this method is easy and quick to do, it does not account for individual tissue 
accretion (muscle, adipose, bone, viscera). Serial fat probing or ultrasound analyses of live 
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animals over time may provide valuable data in assessing carcass traits and estimating 
potential rail value (Newcom et al., 2002; Theriault et al., 2009). A more complex method is 
the serial slaughter technique. This method pairs up two similar animals, with one animal 
being harvested at an initial time point and the other at a final time point. Serial slaughter 
allows for either whole body or eviscerated carcass to be evaluated for loin depth, backfat 
and other carcass traits and/or ground and analyzed for moisture, protein, lipid, etc. content 
(Haydon et al., 1989). This method provides greater detail into specific tissue accretion but is 
also very time intensive. 
An alternative option using non-destructive evaluation, Dual-energy X-ray 
Absorptiometry (DXA), allows for live or deceased animals to be scanned (Figure 1.6) and 
lean, fat, bone mineral concentration and density to be determined (Ostrowska et al., 2003; 
Suster et al., 2003). This method is beneficial as the same pig can be scanned numerous times 
permitting individual performance to be ascertained, as opposed to using pairs or groups of 
animals. Analysis of tissue composition is also useful because livestock are sold on the rail 
where price and premiums are dictated by hot carcass weight, fat depth and quality, and lean 
characteristics. 
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Figure 1.6. Dual-energy X-ray Absorptiometry (DXA). A pig is laid out in the position 
shown, left. Radiograph, right, shows the scan of the pig with bone appearing white and other 
tissue (lean and fat) appearing grey. 
 
Intestinal Health 
 
The gastrointestinal tract represents one of the most dynamic and complex systems of 
the body. The gastrointestinal tract not only mediates the digestion, and absorption of food 
and the excretion of waste, but also serves as a largest immunological site for the body. 
Within the last decade, research has become focused more on intestinal-microflora 
interaction on disease states. Although host-pathogen interaction can greatly influence 
intestinal health and disease states, other stressors such as psychological, environmental, and 
transport can have significant impact upon intestinal functionality. Thus, intestinal 
homeostasis is a complex balance between stress, microflora interaction, immune function, 
barrier integrity, and the diffusion layer. Permeability is kept to a minimum through cell-to-
cell protein interactions such as tight and gap junctions, desmosomes and adhesion proteins. 
Changes in junction and adhesion proteins can alter intestinal permeability allowing 
macromolecules, such as endotoxins and microorganisms to transport via the paracellular 
route to the serosal side.  
Work by Boudry et al. (2004) showed that weaning induced short and long-term 
intestinal changes on absorption, secretion and transepithelial resistance. Pearce et al. (2013a) 
reported that acute heat stress increased intestinal permeability and circulating endotoxin 
within the blood. A review by Turner (2009), showed that defects in the gut barrier may 
increase permeability in diseases, e.g., Crohn’s disease in humans, however, altered barrier 
function alone is not sufficient to cause disease.  These data are only a fraction of research 
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into intestinal health. As mentioned previously, feed components can also play a role in 
stimulating or damaging the homeostasis of the gut.  
Measurements of systemic health can be as simple as collecting blood plasma and 
serum and measuring for pro- or anti-inflammatory cytokines. Intestinal health can be 
measured with collected tissue through protein or gene expression. However, it is useful to 
collect data with live tissue. Ex vivo techniques such as modified Ussing chambers can 
provide an informative look at gut permeability, nutrient transporter function, or how tissues 
handle challenges, mycotoxins or LPS, while also looking at one or multiple segments of 
intestinal tissue. Histological examination of intestinal samples can be used as a general 
indicator of villus-crypt condition and if any damage or lesions are apparent. A 
gastrointestinal tract functioning at its optimum may also be subject other influences, such as 
antibiotics and new microbes, which can have short or long term effects. 
 
Conclusion 
The demand for food in the world will only continue to increase as the world’s 
population continually rises. Unfortunately, the amount of land we have to use for crop and 
livestock production is relatively static, meaning that we will need to continue improving on 
our yields and feed efficiencies. Likewise the demand for renewable energy will only 
increase as petroleum reserves begin to deplete over time. Thus it is vital that we continue to 
be sustainable and economical in our processes and utilize next generation biofuels and 
feedstuffs to ensure no material is wasted. Although this thesis is focused on evaluating this 
novel feedstuff in swine, it is in our best interest to cultivate copious options so that we may 
utilize this feed for other animals or even possibly humans. 
 34 
 
Literature Cited 
Aden, A. 2007. Water Usage for Current and Future Ethanol Production Southwest 
Hydrology No. 6. p 2. SAHRA, Arizona. 
 
Adeola, O. 2009. Bioavailability of threonine and tryptophan in peanut meal for starter pigs 
using slope-ratio assay. Animal 3: 677-684. 
 
Adeola, O., and D. Ragland. 2012. Ileal digestibility of amino acids in co-products of corn 
processing into ethanol for pigs. J Anim Sci 90: 86-88. 
 
AFDC. 2013a. Biodiesel Production and Distribution. 
http://www.afdc.energy.gov/fuels/biodiesel_production.html 2014. 
 
AFDC. 2013b. Ethanol Production and Distribution. 
http://www.afdc.energy.gov/fuels/ethanol_production.html 2014. 
 
Ahmetovic, E., M. Martin, and I. E. Grossman. 2010. Optimization of Energy and Water 
Consumption in Corn-Based Ethanol Plants. Ind. Eng. Chem. Res. 49: 7972-7982. 
 
Badger, P. C. 2002. Ethanol from cellulose: A general review. In: J. Janick and A. Whipkey 
(eds.) Trends in new crops and new uses. ASHS Press, Alexandria, VA. 
 
Batterham, E. S., R. D. Murison, and C. E. Lewis. 1979. Availability of lysine in protein 
concentrates as determined by the slope-ration assay with growing pigs and rats and 
by chemical techniques. Br. J. Nutr. 41: 383-391. 
 
Boudry, G., V. Peron, I. L. Hueron-Luron, J. P. Lalles, and B. Seve. 2004. Weaning Induces 
Both Transient and Long-Lasting Modifications of Absorptive, Secretory, and Barrier 
Properties of Piglet Intestine. J. Nutr. 134: 2256-2262. 
 
CFIA. 2013. RG-6 Regulatory Guidance: Ethanol Distillers' Grains for Livestock Feed. In: 
C. F. I. Agency (ed.). Government of Canada, Canada. 
 
Cho, J. H., P. Y. Zhao, and I. H. Kim. 2011. Probiotics as a Dietary Additive for Pigs: A 
Review. J. Anim. Vet. Adv. 10: 2127-2134. 
 
Crutchfield, S. 2013. U.S. Drought 2012: Farm and Food Impacts. 
http://www.ers.usda.gov/topics/in-the-news/us-drought-2012-farm-and-food-
impacts.aspx. 
 
Duttlinger, A. J., J. M. Derouchey, M. D. Tokach, S. S. Dritz, R. D. Goodband, J. L. Nelssen, 
T. A. Houser, and R. C. Sulabo. 2012. Effects of increasing crude glycerol and dried 
 35 
distillers grains with solubles on growth performance, carcass characteristics, and 
carcass fat quality of finishing pigs. J Anim Sci 90: 840-852. 
 
EIA. 2012. Annual Energy Review 2011. In: U. S. E. I. Administration (ed.). p 287. 
 
Ewaschuck, J. B., I. R. Johnson, K. L. Madsen, T. Vasanthan, R. Ball, and C. J. Field. 2012. 
Barley-derived β-glucans increases gut permeability, ex vivo epithelial cell binding to 
E. coli, and naive T-cell proportions in weanling pigs. J. Anim. Sci 90: 2652-2662. 
 
Foust, T. D., A. Aden, A. Dutta, and S. Phillips. 2009. An economic and environmental 
comparison of a biochemical and a thermochemical lignocellulosic ethanol 
conversion processes. Cellulose 16: 547-565. 
 
Friedman, M., and V. K. Juneja. 2010. Review of Antimicrobial and Antioxidative Activities 
of Chitosans in Food. Journal of Food Protection 73: 1737-1761. 
 
Giang, H. H., T. Q. Viet, B. Ogle, and J. E. Lindberg. 2010. Growth performance, 
digestibility, gut environment and health status in weaned piglets fed a diet 
supplemented with potentially probiotic complexes of lactic acid bacteria. Livest. Sci. 
129: 95-103. 
 
Haenen, D., C. S. d. Silva, J. Zhang, S. J. Koopmans, G. Bosch, J. Vervoort, W. J. J. Gerrits, 
B. Kemp, H. Smidt, M. Muller, and G. J. E. J. Hooiveld. 2013. Resistant Starch 
Induces Catabolic but Suppresses Immune and Cell Division Pathways and Changes 
the Microbiome in the Proximal Colon of Male Pigs. J. Nutr. 143: 1889-1898. 
 
Haydon, K. D., T. D. Tanksley Jr., and D. A. Knabe. 1989. Performance and carcass 
composition of limit-fed growing-finishing swine. J. Anim. Sci 67: 1916-1925. 
 
Kerr, B. J., T. E. Weber, W. A. Dozier 3rd, and M. T. Kidd. 2009. Digestible and 
metabolizable energy content of crude glycerin originating from different sources in 
nursery pigs. J Anim Sci 87: 4042-4049. 
 
Kiarie, E., L. F. Romero, and C. M. Nyachoti. 2013. The role of added feed enzymes in 
promotin gut health in swine and poultry. Nutrition Research Reviews 26: 71-88. 
 
Kobayasi, S.-y., N. Okazaki, and T. Koseki. 1992. Purification and Characterization of an 
Antibiotic Substance Produced from Rhizopus oligosporus IFO 8631. Biosci. 
Biotech. Biochem 56: 94-98. 
 
Lammers, P. J., B. J. Kerr, T. E. Weber, K. Bregendahl, S. M. Lonergan, K. J. Prusa, D. U. 
Ahn, W. C. Stroffregen, W. A. Dozier 3rd, and M. S. Honeyman. 2008. Growth 
performance, carcass characteristics, meat quality, and tissue histology of growing 
pigs fed crude glycerin-supplemented diets. J. Anim. Sci 86: 2962-2970. 
 
 36 
Lee, J. W., D. Y. Kil, B. D. Keever, J. Killefer, F. K. McKeith, R. C. Sulabo, and H. H. Stein. 
2013. Carcass fat quality of pigs is not improved by adding corn germ, beef tallow, 
palm kernel oil, or glycerol to finishing diets containing distillers dried grains with 
solubles. J Anim Sci 91: 2426-2437. 
 
Liu, P., X. S. Piao, P. A. Thacker, Z. K. Zeng, P. F. Li, D. Wang, and S. W. Kim. 2010. 
Chito-oligosaccharide reduces diarrhea incidence and attenuates the immune response 
of weaned pigs challenged with Escherichia coli K88. J. Anim. Sci 88: 3871-3879. 
 
Mendoza, O. F., M. Eliis, F. K. McKeith, and A. M. Gaines. 2010. Metabolizable energy 
content of refined glycerin and its effects on growth performance and carcass and 
pork quality characteristics of finishing pigs. J. Anim. Sci 88: 3887-3895. 
 
Mitra, D., M. L. Rasmussen, P. Chand, V. R. Chintareddy, L. Yao, D. Grewell, J. G. 
Verkade, T. Want, and J. H. van Leeuwen. 2012. Value-added oil and animal feed 
production from corn-ethanol stillage using the oleaginous fungus Mucor 
circinelloides. Bioresour Technol 107: 368-375. 
 
Newcom, D. W., T. J. Baas, and J. F. Lampe. 2002. Prediction of intramuscular fat 
percentage in live swine using real-time ultrasound. J. Anim. Sci 80. 
 
Nitayavardhana, S., K. Issarapayup, P. Pavasant, and S. K. Khanal. 2012. Production of 
protein-rich fungal biomass in an airlift bioreactor using vinasse as substrate. 
Bioresour Technol 133: 301-306. 
 
Nout. 1992. Ecological Aspects of Mixed-Culture Food Fermentations. In: M. V. Yusa and 
G. C. Carroll (eds.) The Fungal Community: Its Organization and Role in the 
Ecosystem. p 833. CRC Press. 
 
NPB. 2008. Alternative Feed Ingredients in Swine Diets II: Use, Advantages and 
Disadvantages of Common Alternative Feedstuffs. In: N. P. Board (ed.), Des Moines, 
IA USA. 
 
NPPC. 2013. Pork Facts. http://www.nppc.org/pork-facts/ Accessed July 10, 2013. 
 
NRC. 2012. Nutrient Requirements of Swine. 11th Ed. ed. Natl. Acad. Press, Washington, 
DC. 
 
Ostrowska, E., D. Suster, M. Muralitharan, R. F. Cross, B. J. Leury, D. E. Bauman, and F. R. 
Dunshea. 2003. Conjugated linoleic acid decreases fat accretion in pigs: evaluation by 
dual-energy X-ray absorptiometry. Br. J. Nutr. 89: 219-229. 
 
Parsons, G. L., M. K. Shelor, and J. S. Drouillard. 2009. Performance and carcass traits of 
finishing heifers fed crude glyercin. J. Anim. Sci 87: 653-657. 
 
 37 
Patience, J. F. 2012. The influence of dietary energy on feed efficiency in grow-finish swine. 
In: J. F. Patience (ed.) Feed efficiency in swine. p 101-129. Wageningen Academic 
Publishers. 
 
Pearce, S. C., V. Mani, R. L. Boddicker, J. S. Johnson, T. E. Weber, J. W. Ross, R. P. 
Rhoads, L. H. Baumgard, and N. K. Gabler. 2013. Heat stress reduces intestinal 
barrier integrity and favors intestinal glucose transport in growing pigs. PLoS ONE 8: 
e70215. 
 
Rasmussen, M. L., S. K. Khanal, A. L. Pometto, 3rd, and J. H. van Leeuwen. 2014. Water 
reclamation and value-added animal feed from corn-ethanol stillage by fungal 
processing. Bioresour Technol 151: 284-290. 
 
RFA. 2011. How Ethanol is Made. http://www.ethanolrfa.org/pages/how-ethanol-is-made 
2014. 
 
RFA. 2013. Industry Resources: Co-products. http://www.ethanolrfa.org/pages/industry-
resources-coproducts 2014. 
 
Roberfroid, M., G. R. Gibson, L. Hoyles, A. L. McCartney, R. Rastall, I. Rowland, D. 
Wolvers, B. Watzl, H. Szajewska, B. Stahl, F. Guarner, F. Respondek, K. Whelan, V. 
Coxam, M. J. Davicco, L. Leotoing, Y. Wittrant, N. M. Delzenne, P. D. Cani, A. M. 
Neyrinck, and A. Meheust. 2010. Prebiotic effects: metabolic and health benefits. Br. 
J. Nutr. 104. 
 
Rop, O., J. Mleck, and T. Jurikova. 2009. Beta-glucans in higher fungi and their health 
effects. Nutrition Reviews 67: 624-631. 
 
Rosenthal, R., D. Gunzel, C. Finger, S. M. Krug, J. F. Richter, J. Schulzke, M. Fromm, and 
S. Amasheh. 2012. The effect of chitosan on transcellular and paracellular 
mechanisms in the epithelial barrier. Biomaterials 33: 2791-2800. 
 
Schleck, S. J., B. J. Kerr, S. K. Baidoo, G. C. Shurson, and L. J. Johnston. 2010. Use of crude 
glycerol, a biodiesel coproduct, in diets for lactating sows. J Anim Sci 88: 2648-2656. 
 
Shapouri, H., P. W. Gallagher, W. Nefstead, R. Schwartz, S. Noe, and R. Conway. 2010. 
2008 Energy Balance for the Corn-Ethanol Industry. In: USDA-OCE (ed.). p 1-15. 
United States Department of Agriculture, Washington, D.C. 
 
Shields, M. C., E. van Heugten, X. Lin, J. Odle, and C. S. Stark. 2011. Evaluation of the 
nutritional value of glycerol for nursery pigs. J Anim Sci 89: 2145-2153. 
 
Stein, H. H., B. Seve, M. F. Fuller, P. J. Moughan, and C. F. M. d. Lange. 2007. Amino acid 
bioavailability and digestibility in pig feed ingredients: Terminology and application. 
J. Anim. Sci 85: 172-180. 
 
 38 
Stein, H. H., and G. C. Shurson. 2009. The use and application of distillers dried grains with 
solubles in swine diets. J. Anim. Sci 87: 1292-1303. 
 
Steinkraus, K. H. 2009. Fermented Foods. In: M. Schaechter (ed.) Encyclopedia of 
Microbiology No. 1. p 47. Elsevier, Oxford. 
 
Sunkara, L. T., M. Achanta, N. B. Schreiber, Y. R. Bommineni, G. Dai, W. Jiang, S. Lamont, 
H. S. Lillehoj, A. Beker, R. G. Teeter, and G. Zhang. 2011. Butyrate Enhances 
Disease Resistance of Chickens by Inducing Antimicrobial Host Defense Peptide 
Gene Expression. PLoS ONE 6: e27225. 
 
Suster, D., B. J. Leury, E. Ostrowska, K. L. Butler, D. J. Kerton, J. D. Wark, and F. R. 
Dunshea. 2003. Accuracy of dual energy X-ray absorptiometry (DXA), weight and 
P2 back fat to predict whole body and carcass composition in pigs within and across 
experiments. Livestock Prod Sci 84: 231-242. 
 
Sweeny, T., C. B. Collins, P. Reilly, K. M. Pierce, M. Ryan, and J. V. O'Doherty. 2012. 
Effect of purified β-glucans derived from Laminaria digitata, Laminaria hyperborea, 
and Saccharomyces cerevisiae on piglet performance , sleceted bacterial populations, 
voltile fatty acids and pro-inflammatory cytokines in the gastrointestinal tract of pigs. 
Br. J. Nutr. 108: 1226-1234. 
 
Tao, L., and A. Aden. 2009. The economics of current and future biofuels. In Vitro Cell. 
Dev. Biol. 45: 199-217. 
 
Tavares da Silva, S., C. A. d. Santos, and J. Bressan. 2013. Intestinal microbiota; relevance to 
obesity and modulation by prebiotics and probiotics. Nutr. Hosp. 28: 1039-1048. 
 
Theriault, M., C. Pomar, and F. W. Castonguay. 2009. Accuracy of real-time ultrasound 
measurements of total tissue, fat, and muscle depths at different measuring sites in 
lamb. J. Anim. Sci 87: 1801-1813. 
 
Turner, J. R. 2009. Intestinal mucosal barrier function in health and disease. Nature Reviews 
9: 799-809. 
 
USDA-ERSa. 2013. Feed Grains: Yearbook Tables. United States Department of 
Agriculture. 
 
USDA-ERSb. 2013. Hogs-Pork Trade. United States Department of Agriculture. 
 
USDA-FAS. 2013. Production, Supply and Distribution Online. United States Department of 
Agriculture 
 
USMEF. 2013. Total U.S. Pork Exports 2003-2012. http://www.usmef.org/downloads/Pork-
2003-to-2012.pdf Accessed July 10, 2013  
 
 39 
Van Gerpen, J. 2005. Biodiesel processing and production. Fuel Processing Technology 86: 
1097-1107. 
 
van Leeuwen, J., S. K. Khanal, A. L. Pometto, M. L. Rasmussen, and D. Mitra. 2010. Fungi 
cultivation on alcohol fermentation stillage for useful products and energy savings. 
Google Patents. 
 
Vllasaliu, D., R. Expositio-Harris, A. Heras, L. Casettari, M. Garnett, L. Illum, and S. 
Stolnik. 2010. Tight junction modulation by chitosan nanoparticles: Comparison with 
chitosan solution. Int. J. Pharm. 400: 183-193. 
 
Vulevic, J., A. Juric, G. Tzortzis, and G. R. Gibson. 2013. A Mixture of trans-
Galactooligosaccharides Reduces Markers of Metabolic Syndrome and Modulates the 
Fecal Microbiota and Immune Function of Overweight Adults. J. Nutr. 143: 324-331. 
 
Wang, X., F. Yang, C. Liu, H. Zhou, G. Wu, S. Qiao, D. Li, and J. Wang. 2012. Dietary 
Supplementation with the Probiotic Lactobacillus fermentum I5007 and the 
Antibiotic Aureomycin Differentially Affects the Small Intestinal Proteomes of 
Weanling Piglets. J. Nutr. 142: 7-13. 
 
White, H. M., B. T. Richert, J. S. Radcliffe, A. P. Schinckel, J. R. Burgess, S. L. Koser, S. S. 
Donkin, and M. A. Latour. 2009. Feeding connugated linoleic aicd partially recovers 
carcass quality in pigs fed dried corn distillers grains with solubles. J. Anim. Sci 87: 
157-166. 
 
Whitney, M. H., G. C. Shurson, and R. C. Guedes. 2006a. Effect of dietary inclusion of 
distillers dried grains with solubles on the ability of growing pigs to resist a Lawsonia 
intracellularis challenge. J. Anim. Sci 84: 1860-1869. 
 
Whitney, M. H., G. C. Shurson, and R. C. Guedes. 2006b. Effect of including distillers dried 
grains with solubles in the diet, with or without antimicrobial regimen, on the ability 
of growing pigs to resist a Lawsonia intracellularis challenge. J. Anim. Sci 84: 1870-
1879. 
 
Worldometers. 2014. Real time world statistics. <http://www.worldometers.info> 2014. 
 
Xu, G., S. K. Baidoo, L. J. Johnston, D. Bibus, J. E. Cannon, and G. C. Shurson. 2010. The 
effects of feeding diets containing corn distillers dried grains with solubles, and 
withdrawal period of distillers dried grains with solubles, on growth performance and 
pork quality in grower-finisher pigs. J. Anim. Sci 88: 1388-1397. 
 
Yang, C. M., P. R. Ferket, Q. H. Hong, J. Zhou, G. T. Cao, L. Zhou, and A. G. Chen. 2012. 
Effect of chito-oligosaccharide on growth performance, intestinal barrier function, 
intestinal morphology and cecal microflora in weaned pigs. J. Anim. Sci 90: 2671-
2676. 
 
 40 
Yeh, T., L. Hsu, M. T. Tseng, P. Lee, K. Sonjae, Y. Ho., and H. Sung. 2011. Mechanism and 
consequence of chitosan-mediated reversible epithelial tight junction opening. 
Biomaterials 32: 6164-6173. 
 
 41 
CHAPTER 2. EVALUATION OF RHIZOPUS MICROSPORUS-
DERIVED FUNGAL BIOMASS AS A FEED STUFF FOR 
NURSERY PIGS 
 
A manuscript prepared for submission to the Journal of Animal Science 
D. M. van Sambeek*, A. R. Rakhshandeh*#, B. J. Kerr§, J. van Leeuwen¶, and N. K. 
Gabler* 
*Department of Animal Science, Iowa State University, Ames, IA 50011 
#Department of Animal Science and Food Sciences, Texas Tech University, Lubbock, TX 
79409 
§USDA-ARS, Ames, IA 50011 
¶Department of Civil, Construction, & Environmental Engineering, Iowa State University, 
Ames, IA 50011 
 
Abstract 
Fungal biomass (FB), grown on ethanol-derived thin stillage is rich in lipid and crude 
protein, including Lys, and is a potential new feedstuff for swine. The objective of this study 
was to evaluate FB as a potential feed source for nursery pigs. Two experiments were 
conducted to assess nutrient digestibility and bioavailability. In Exp. 1, a 4-wk growth 
performance trial using 24 gilts (5.62 ± 0.35 kg BW) allocated to one of three diets: 0% FB, 
10% FB or 20% FB (n = 8 pigs/treatment). In Exp. 2, a total of 32 gilts (initial BW; 6.5 ± 0.25 
kg) were individually penned and assigned to 5 dietary treatments. A basal diet (n = 5) 
containing 8.1 g SID Lys/kg diet was supplemented with 1.7 and 3.4 g of SID Lys/kg diet 
from either FB (1 or 2, n = 14) or L-Lys·HCl (Ref-1 or 2, n = 13). Diets contained (0.50% 
(Exp. 1) and 0.25% (Exp. 2) titanium dioxide as an indigestible marker. Average daily gain 
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(ADG) and feed intake (ADFI), gain to feed ratio (G:F), and lean gain (LG) were determined 
over a 7-wk period. Bioavailability of Lys was estimated using the slope-ratio assay obtained 
from common-intercept multiple regression analyses. Exp. 1, there was no difference in pig 
ADFI (P = 0.97), ADG (P = 0.94), or G:F (P = 0.55) over the 4-wk nursery period. Proximate 
analysis of feed and fecal samples yielded the following ATTD coefficients for 0%, 10%, or 
20% FB, respectively: GE, 85.6, 86.7 and 81.1% (P < 0.01); phosphorus, 58.0, 59.2 and 46.5% 
(P < 0.01); and nitrogen, 86.2, 84.3 and 82.8 (P < 0.05). Digestible energy for ATTD was 
improved feeding 10% FB (4.16 Mcal/kg), but not 20% FB (3.81 Mcal/kg) versus the control 
treatment (4.01 Mcal/kg). In Exp. 2, ADFI was similar among treatment groups (P > 0.10). 
ADG, LG, and G:F response to dietary Lys was linearly increased regardless of Lys source (P 
< 0.01). Addition of FB in the diet reduced tissue accretion and digestibility coefficients with 
significant differences between Ref-2 and FB-2. Specifically, AID for nitrogen (77.1 vs. 62.5; 
P < 0.02), Lys (86.9 vs. 72.3; P < 0.01), and GE (81.6 vs. 62.7; P < 0.01) were lower in the 
FB-2 treatment compared to Ref-2. The Lys bioavailability of FB for ADG, G:F, and LG was 
0.54, 0.61 and 0.69, respectively. These data suggest that FB is a good source of AA and 
energy for nursery pigs, but higher inclusion (≥20%) may impact digestibility and tissue 
accretion. 
 
Keywords: bioavailability, digestibility, fungal biomass, pig, Rhizopus microsporus 
 
Introduction 
Dried distillers grains with solubles (DDGS) derived from ethanol production facilities 
are widely used in livestock diets and have been well characterized (Stein and Shurson, 
2009). However, as the ethanol industry adopts new methods and production efficiencies 
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improve, new byproducts are generated and need to be assessed for suitability in livestock 
diets. A technology in development for bio-fuels processing that aims to reduce energy and 
water consumption in ethanol production is the use of the nutrient rich thin stillage for fungal 
cultivation (Mitra et al., 2012; Rasmussen et al., 2014). Growth of Rhizopus sp. on this 
nutrient rich thin stillage permits the removal of organic compounds (glycerol, acetic, and 
lactic acid) that may inhibit ethanol fermentation. The bio-remediated stillage may then be 
recycled in greater amounts requiring fewer water and energy inputs, while the remaining 
fungal biomass (FB) can be harvested, dried and used as a feedstuff for livestock.  
Fungal biomass is high in lipid and crude protein and contains a greater amount of Lys, 
Trp, Thr, and Met when compared with corn or DDGS. The FB is also rich in phosphorus, 
and contains complex polysaccharides such as chitin, chitosan, and β-glucans (Rop et al., 
2009) which may aid in promoting gut health (Friedman and Juneja, 2010). Therefore, the 
objective of this experiment was to evaluate the nutritional value of FB as a potential feed 
source for nursery pigs and its impact on growth performance and amino acid availability.  
 
Materials and Methods 
Preparation of fungal biomass 
Production of FB has been detailed previously (Rasmussen et al., 2014). Briefly, in a 
pilot plant, Rhizopus microsporus var. oligosporus cultures (ATCC 22959, Rockville, MD) 
were initially grown in eight-2 L flasks with 1 L of sterile Yeast Mold Broth (Difco 
Laboratories, Sparks, MD), pH 4.1, shaken for 24 h at 38˚C. A 1,400 L bioreactor was filled 
with thin stillage (Lincoln Way Energy, Nevada, IA) and cooled to approximately 38˚C. The 
bioreactor was then inoculated with the prepared culture and aerated. After 48 h of growth, 
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the liquid was pumped across a screen to separate fungal biomass from liquid. The biomass 
was subsequently placed within a woven polyethylene bag and centrifuged to remove excess 
liquid. The biomass was then dried and ground at Iowa State University Agronomy Farm. 
Composition analysis of FB (Table 1) was performed by Agricultural Utilization Research 
Institute (Crookston, MN, USA).  
 
Study design and animals.  
All animal procedures were approved by the Animal Care and Use Committee of 
Iowa State University (IACUC# 5-11-7152-S). Pig studies were conducted at the Iowa State 
Swine Nutrition farm in two experiments.  
 
Experiment 1  
To test the FB as a suitable feedstuff for swine, a growth performance study was 
conducted using three inclusion levels. A total of 24 gilts (5.6 ± 0.35 kg BW) were assigned 
to one of three treatments (8 pigs/treatment). Treatments were based on a corn-soybean meal 
diet with inclusion levels of FB at 0, 10 and 20% (Table 2). All diets were formulated to 
contain the same amount of SID Lys and be iso-caloric. The inclusion of FB was at the 
expense of soybean meal, corn or soybean oil. Titanium dioxide was used as indigestible 
marker for determining apparent total tract digestibility (ATTD) of nutrients. After a 4-d 
acclimation to individual pens and diets, a 28-d growth performance and feed intake study 
was conducted. All pigs had ad libitum access to water and feed. Weekly BW and feed 
intakes were recorded and G:F calculated. During the fourth week and over a 3-d period, 
fecal samples were collected and pooled for each pig.  
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Experiment 2 
To further assess the nutritional value of FB in nursery pig, an experiment was 
conducted to determine Lys bioavailability. Thirty-eight barrows (6.5 ± 0.25 kg BW) were 
individually penned and assigned to one of five dietary treatments (Table 3). A basal diet (n 
= 5) was formulated to contain 8.1 g of SID Lys/kg diet, but adequate in all other AA. 
Protein for the basal diet was sourced from corn, fishmeal, soybean meal, and whey protein. 
The basal diet was then formulated to supply an additional 1.7 and 3.4 g SID Lys/kg diet 
from either FB (FB-1, n = 7 or FB-2, n = 7, respectively) or 1.7 g and 3.4 g Lys/kg diet using 
L-Lys·HCl (Ref-1, n = 6 or Ref-2 n = 7, respectively) at the expense of cornstarch. All diets 
were formulated to be isocaloric. Throughout the study, pigs had free access to water and 
were fed at 90-95% of ad libitum feed intake. After a 4 d acclimation period, weekly growth 
rates and feed intake were recorded for 42 d to determine pigs’ response to Lys in FB using 
ADG, ADFI and G:F. Fresh fecal samples were taken daily from each pig during the final 
week (d-40 to 42) for determining ATTD of dietary nutrients. At the end of the experiment, 
all pigs were euthanized by injection of lethal dose of sodium pentobarbital and ileal contents 
were collected from the last meter of ileum prior to the ileal-cecal junction for determining 
AID of DM, GE, and AA.  
 
Proximate Analysis 
Proximate analysis was carried out on feed, ileal and pooled fecal samples as 
previously described (Patience et al., 2009; Jacobs et al., 2011b; Rakhshandeh and de 
Lange, 2012). Briefly, Samples were analyzed for DM, nitrogen (N) using TruMac N (Leco, 
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St. Joesph, MI), phosphorus (P) by colormetric analysis (AOAC 7.123), ether extract using 
Soxhlet method, and GE using bomb calorimetry (Parr, Moline, IL). Digestibility 
coefficients (ileal and total tract) were calculated using indigestible marker methodology 
(Kerr et al., 2010). Complete AA profiles (AOAC 982.30) for feed and ileal samples were 
analyzed by University of Missouri Experimental Station and Chemical Laboratories 
(Columbia, MO). 
 
Whole body composition and tissue accretion 
To determine the effects of FB inclusion and Lys bioavailability on tissue accretion, a 
serial slaughter approach was used. Briefly, after the 4 d acclimation period, six initial 
slaughter group pigs (ISG) were selected from the basal diet and euthanized. The final 
slaughter group (FSG) consisted of the 32 pigs fed the basal, Ref-1, Ref-2, FB-1 and FB-2 
diets minus 10 cm of ileum and cecum. All pigs where body scanned using a Hologic 
Discovery A Dual X-ray Absorptiometry (DXA) machine (Bedford, MA, USA) to determine 
body composition. Scan data was then corrected using internally built calibration curves as 
described by Suster et al. (2003). The DXA scan data provided whole body lean, bone and fat 
mass. Tissue accretion was measured using the net change between the treatment FSG and 
basal ISG body composition divided by the days on test.  
 
Ex vivo intestinal health measures 
At assess the effect of FB on intestinal health Ref-2, FB-1 and FB-2 pig intestinal 
samples were collected at slaughter from Experiment 2. Freshly isolated ileum and cecum 
segments, 1.5 m proximal from the ileal-cecal junction region and mid cecum, were collected 
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and mounted in modified Ussing Chambers to assess ex vivo nutrient transport and intestinal 
barrier permeability. Briefly, intestinal barrier permeability was measured by transepithelial 
resistance (TER) and 4.4-kDa fluorescein isothiocyanate (FITC)-labeled dextran 
macromolecule flux (Mani et al., 2013; Pearce et al., 2013b). Nutrient transport was 
measured using active glucose and AA transport as described by Albin et al. (2007). 
Additionally, formalin fixed ileum tissue was assessed for villus height and crypt depth as 
described by Gabler et al. (2007). 
 
Statistical analysis 
Data was analyzed using MIXED procedure in SAS (SAS Inst. Inc., Cary, NC) and 
all results were expressed as LS means ± SEM. The model included fixed effect of treatment; 
with random effects of day and rep. Statistical significance of differences was determined by 
Tukey’s range test for pair wise comparisons. Differences were deemed significant at P ≤ 
0.05 and tendencies at P ≤ 0.10. Exp. 2 slope ratios were determined using common-intercept 
multiple linear regression analyses (Finney, 1978)	  conducted with the GLM procedure in a 
randomized design. Linear and quadratic contrasts were used to examine the relationship 
between response criteria (ADG, G:F, and lean gain) and Lys intake to estimate the 
attribution of supplemental Lys from FB diets to Lys intake alone. A linear relationship was 
assumed between ADG, G:F, lean gain and Lys intake for the pigs that received the basal diet 
and references diets. Approximate standard errors of the bioavailability estimates were 
calculated as outlined by Littell et al. (1995). The ratio of the slope of the FB test diets to 
slope of the reference (L-Lys-HCl) AA diets was used as the estimate of bioavailability. 
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Results 
Experiment 1 
 Results from the growth performance data in which FB was formulated in nursery pig 
diets is shown in Table 4. There was no difference in ADFI, ADG, or G:F ratio between the 
three diets. These data indicated that inclusion of FB in the nursery diet up to 20% in place of 
corn, soybean meal and soy oil had no negative effect on pig performance in this 28 d study. 
However, ATTD coefficients (Table 4) for GE, N, lipid, and P were all reduced by feeding 
pigs the 20% FB inclusion compared to pigs fed the control diet (P < 0.05). Digestible 
energy values were significantly improved when feeding 10% FB (4.16 Mcal/kg), but not 
20% FB (3.81 Mcal/kg), versus the control treatment (4.01 Mcal/kg). The results of this 
experiment demonstrated that FB may be a viable feed source for nursery diets at low 
inclusion rates with no adverse effects on pig performance. 
 
Experiment 2 
The growth performance of pigs from 7 to 30 kg live weight is presented in Table 5. 
Pigs gained body weight from 0.32 kg/d on the basal, Lys-deficient diet to 0.36 g/d on the FB 
diet containing 3.4 g of supplemental Lys/kg. Linear contrast of the response in daily weight 
gain to supplemental Lys was significant (P < 0.05). The daily BW gain response to 
supplemental Lys from L-Lys!HC1 also followed a linear (P < 0.05) relationship, increasing 
to 0.39 kg/d at 3.4 g of supplemental Lys/kg diet. Gain to feed ratio (Table 5) responded to 
supplemental lysine from L-Lys!HC1 in a pattern similar to growth rate with an 
improvement from 0.50 on the basal diet to 0.55 or 0.59 on 3.4 g of supplemental Lys/kg 
from either FB or L-Lys!HC1, respectively (P < 0.05). Lean tissue gain also responded to 
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supplemental lysine from L-Lys!HC1 in a pattern similar to growth rate with an 
improvement from 240 on the basal diet to 290 or 320 on 3.4 g of supplemental Lys/kg from 
either FB or L-Lys!HC1, respectively (Table 6; P < 0.05). The linear contrast of G:F on 
supplemental Lys from L-Lys!HC1 or from FB was significant (P < 0.05). Supplementing 
the basal diet with 1.7 or 3.4 g of Lys/kg diet from either FB or L-Lys!HC1 did not affect 
daily feed intake (640 ± 11 g/d; P > 0.l0). Using daily weight gain, gain:feed ratio, and lean 
gain response criteria, the estimates of Lys bioavailability were 54, 61.5, and 69.5%, 
respectively (Figure 1). 
Body composition as determined by DXA is presented in Table 6. These data yielded 
no treatment difference for bone mineral density (P = 0.26). However, significant differences 
were observed for fat, lean and bone mineral content (BMC) mass between the diets at the 
end of the experimental period (P < 0.05, Table 6). The final body composition bone mineral 
density was also higher in the Ref-2 treatment compared to the basal diet (P = 0.04), but not 
different from Ref-1, FB-1 and FB-2. Interestingly, FB fed pigs had reduced fat mass and 
body fat percentage at either level compared to pigs fed the basal and both Ref diets (P < 
0.01).  
Apparent ileal digestibility (AID) showed numerical differences within each diet pair 
(FB-1/Ref-1 and FB-2/Ref-2). However, no statistical difference was noted between FB-1, 
and Ref-1, while there was a statistical difference detected between FB-2 and Ref-2 
treatments (Table 7; P < 0.05). In regards to dietary AID of Lys, Thr, Met, and Trp, there was 
no significant difference between pigs fed the basal, FB-1 and Ref-1 diets, but pigs fed the 
FB-2 diet had approximately a 10 to 20% reduction in AID coefficients compared to pigs fed 
the Ref-2 diet. These data were reaffirmed by the ATTD coefficients for N and energy (Table 
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7). Increasing FB inclusion resulted in lower N and energy digestibility coefficients 
compared to their reference diets (P < 0.05).  
The impact of FB inclusion on ileum and cecum morphology and ex vivo ileum 
nutrient transport and integrity is shown in Table 8. No differences in ileal nutrient transport 
for glucose (P = 0.86), glutamate (P = 0.35), and Lys (P = 0.65) were observed in our 
modified Ussing chamber measures. Transepithelial resistance, a measure of intestinal 
integrity, also showed no difference between FB-2 and Ref-2 ileum samples, although FB-1 
did have a significantly lower TER (P < 0.01). However, no differences were observed in 
cecal TER (P = 0.97). Additionally, intestinal permeability assessed by the macromolecule 
flux of 4.4-kDa FITC-labeled dextran in both ileum and cecum was not found to be different 
(P > 0.05). Ileum morphology measures of villus height, crypt depth and villus:crypt ratio 
were not different with FB inclusion (P > 0.05, Table 8). 
 
Discussion 
 The conversion of corn wet-milling thin stillage into a FB has been shown previously 
(Jasti et al., 2008), but the value of this product was not evaluated in livestock. In the current 
experiments, the use of FB grown from the conversion of thin stillage was clearly shown to 
result in a high value fungal energy and AA source when fed to nursery pigs. Compared to 
corn and DDGS, this FB ingredient was high in essential AA, lipid, energy, and P (Table 1). 
However, its use in swine feed had not been evaluated. The data herein, showed that FB 
inclusion on nursery pig diets has potential to be a good source of AA and energy. Our data 
showed that FB inclusion did not affect ADFI, ADG, or G:F when substituted for corn and 
SBM (Table 4). However, performance, and particularly ADG, was affected when FB was 
used as the primary Lys source (Table 5). No negative effect of FB supplementation on 
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intestinal morphology, integrity, health, or active nutrient transport was also found. However, 
it has been shown that chitosan, which is present in FB, is capable of altering the tight 
junctions between cells and increasing permeability (Yeh et al., 2011; Rosenthal et al., 2012). 
Fermenting yeasts such as Saccharomyces cerevisiae, used in ethanol fermentation, only 
have 1 to 2% of chitin-chitosan in their cell walls, whereas filamentous fungi like Rhizopus 
microsporus may have closer to 15% chitin (Free, 2013). Swine have been shown to produce 
chitinase in pancreatic secretions, but the quantity and activity of these enzymes has not been 
sufficiently characterized (Shen et al., 2013). These cell wall components may be the 
strongest contributor to lower AID and ATTD we observed in the current experiments. 
Therefore, the digestibility of FB appears to be marginally low due to monogastrics having 
an insufficient ability to degrade chitin within the small intestine. However, chitin can be 
broken down in the large intestine through microbial intervention, e.g., Bacillus subtilis. 
Additionally, other fungal non-starch polysaccharides e.g., β-glucans, may also contribute to 
reductions in digestibility. Altogether, these components may result in reduced nutrient and 
energy digestibility and bioavailability of FB as inclusion rates increase. 
The Lys bioavailability from FB for ADG and lean tissue growth is only 54 and 70%, 
respectively, compared against the crystalline L-Lys·HCl. Adeola et al. (1994) showed Lys 
bioavailability was 85 to 88% in soybean meal fed to young pigs. Honeyman et al. (2007) 
reported Lys availability in DDGS at 53% although McEwen et al. (2012) reported higher 
values at 69%. Although no direct Lys bioavailability in corn data could be found, in 
chickens, Lys bioavailability was determined at 73% in terms of gain and true ileal 
digestibility of 78% (Lewis and Bayley, 1995). Interestingly, swine AID and SID for lysine 
in corn has been shown at 60 and 74%, and soybean meal 87 and 89%, respectively (NRC, 
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2012). Other protein sources, e.g., fishmeal and whey protein, have been shown to have 
readily available Lys with > 90% Lys SID. Together these suggest that Lys bioavailability in 
FB could be similar to corn and DDGS, but much lower than alternate protein sources. This 
further indicates that FB may not be preferred choice for Lys supplementation if it is priced 
similar to other protein sources. However, more data is needed to ascertain the economic 
value of FB for producers. 
 Reduced Lys bioavailability in FB was evident as the FB fed pigs had lower lean and 
adipose tissue accretion compared to their Ref counterparts. The reductions in tissue 
accretion and Lys availability appear to also be partially caused by decreased AID and ATTD 
for FB treated pigs. Interestingly, the large difference between AID and ATTD of GE 
suggests an increased reliance on microbial VFA fermentation for energy needs in pigs fed 
FB. The reduction in AID and ATTD for FB is likely attributed to the presence of fungal cell 
wall components: chitin and its derivatives. These complex polysaccharides are mostly 
indigestible by swine enzymes, but can be broken down by microbial enzymes chitinase and 
chitosanase, but at high inclusion levels energy digestibility is still reduced. 
Although we have suggested non-starch polysaccharides contribute to a decrease in 
bioavailability and digestibility of nutrients, the drying process for FB production may be a 
significant contributor to these issues. It is known that Maillard reactions occur between 
reducing sugars and amino acids that lead to indigestible or digestible, but unreactive 
nutrients. Stein et al. (2006) reported Lys AID (35.0 to 55.9%) and SID (43.9 to 63.0%) to be 
highly variable across DDGS samples, indicating Lys susceptibility to processing techniques. 
Pahm et al. (2009) reported that 24% of total SID Lys concentration in DDGS is unreactive, 
implying that digestible Lys may be overestimated in DDGS. It has been suggested that 
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darker colored DDGS may have decreased nutrient digestibility, especially Lys, compared 
with lighter colored DDGS (Fastinger and Mahan, 2006). Processed FB has consistently had 
a dark brown color providing evidence that Maillard reactions may be a significant problem 
in FB production. Overall, these data insinuate that strategies are needed to lessen the 
occurrence of Maillard reactions during the drying process of FB to decrease unreactive Lys 
content. 
Further research is needed to determine if chitinase enzymes could be fed 
exogenously to enhance digestion and nutrient absorption. Likewise it would also be 
necessary to determine the effect of this on intestinal health, as chitosan has been shown to 
disrupt tight junction function and make the gut more permeable to macromolecules. 
Although not tested in this group, usage of FB in poultry species should be considered as 
avian species have been reported to have endogenous chitinase activity (Suzuki et al., 2002) .  
In conclusion, these data demonstrate that Lys bioavailability in FB is less than or 
equal to that of DDGS, but significantly lower than common protein sources e.g., soybean 
meal. However, even with a lower Lys bioavailability, the greater Lys content in FB still 
provides more grams of Lys per kilogram feed when compared to DDGS. Compared to other 
protein sources, e.g., fishmeal and whey protein, FB may be of benefit if feed costs increase 
for these products, but economic data is needed to determine this. Taking this into 
consideration, FB may be a suitable feed ingredient for swine diets, although higher 
inclusions may result in decreased digestibility and tissue accretion. 
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Table 2.1. Ingredient comparison, % 
  Item Corn1 DDGS1,2 SBM1,3 FB4 
Crude Protein  9.4 30.1 47.5 36.1 
Lys 0.27 0.66 3.02 1.54 
Trp 0.06 0.25 0.65 0.27 
Thr 0.29 0.94 1.85 1.10 
Met 0.17 0.50 0.67 0.21 
NDF  9.5 33.5 8.9 21.1 
Starch  70.0 4.0 1.9 2.5 
Crude Fat  4.2 13.4 3.0 26.0 
Ash  1.5 5.1 6.3 5.1 
Phosphorus  0.3 0.9 0.7 1.3 
1 Based on Swine NRC (1998)  
2 Dried Distillers Grains with Solubles 
3Soybean meal, dehulled, solvent extracted 
4Fungal biomass, our own chemical analysis 
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Table 2.2. Experiment 1 diet composition, as fed basis 
 Ingredients, % 0%FB 10%FB 20%FB 
  Corn 65.35 59.54 53.42 
  Soybean meal, 48% CP 20.70 18.70 16.71 
  Whey, dried 5.00 5.00 5.00 
  Soybean oil 3.50 1.70 0 
  Fishmeal, menhaden 2.50 2.50 2.50 
  Monocalcium phosphate 0.76 0.28 0 
  Limestone 0.66 0.87 1.05 
  Sodium chloride 0.35 0.35 0.35 
  L-Lys HCl 0.19 0.13 0.07 
  L-Thr 0.05 0.01 0 
  DL-Met 0.04 0.02 0 
  Vitamin premix1 0.30 0.30 0.30 
  Trace mineral premix2 0.10 0.10 0.10 
  Fungal Biomass (FB) 0 10.00 20.00 
  Titanium dioxide 0.50 0.50 0.50 
Calculated composition 
       Crude Protein, % 19.02 21.43 23.83 
    ME, kcal/kg 3,880 3,888 3,894 
    NDF, % 8.54 9.59 10.62 
    Lysine (SID %) 1.11 1.11 1.11 
    Available Phosphorus, % 0.32 0.32 0.36 
1Supplied per kg of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; 
vitamin E, 44 IU; vitamin K (menadione sodium bisulfate complex), 
6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 mg; 
vitamin B12, 33 µg; folic acid, 1.3 mg; niacin, 44 mg. 
2Supplied per kg of diet: Zn, 131 mg as ZnO; Fe, 131 mg as 
FeSO4•H2O; Mn 45 mg, as MnO; Cu, 13 mg as CuSO4•5H2O; I, 1.5 
mg as CaIO6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as Na2O3Se. 
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Table 2.3. Experiment 2 diet composition, as fed basis 
 
  Ingredients, % Basal Ref-1 Ref-2 FB-1 FB-2 
Corn  51.0 51.0 51.0 51.0 51.0 
Soybean meal, 48% CP 15.0 15.0 15.0 15.0 15.0 
Cornstarch 15.9 15.7 15.5 8.0 0 
Whey, dried 5.0 5.0 5.0 5.0 5.0 
Soybean oil 5.0 5.0 5.0 2.5 0 
Fishmeal, herring 3.0 3.0 3.0 3.0 3.0 
L-Lys HCl 0.02 0.24 0.45 0.02 0.02 
DL-Met 0.27 0.27 0.27 0.27 0.27 
L-Thr 0.28 0.28 0.28 0.28 0.28 
L-Trp 0.09 0.09 0.09 0.09 0.09 
Ile 0.15 0.15 0.15 0.15 0.15 
Phe 0.18 0.18 0.18 0.18 0.18 
Val 0.27 0.27 0.27 0.27 0.27 
Limestone 1.5 1.5 1.5 1.5 1.5 
Sodium chloride 0.3 0.3 0.3 0.3 0.3 
Monocalcium phosphate 1.49 1.49 1.49 1.49 1.49 
Vitamin premix1 0.15 0.15 0.15 0.15 0.15 
Trace mineral premix2 0.15 0.15 0.15 0.15 0.15 
Fungal Biomass (FB) 0 0 0 10.5 21.0 
Titanium dioxide 0.25 0.25 0.25 0.25 0.25 
      
Calculated nutrient contents, % 
     DE, kcal/kg 3678 3681 3685 3674 3669 
Amino Acids total basis, % 
     Lys 0.81 0.98 1.15 0.98 1.15 
Met 0.52 0.52 0.52 0.55 0.57 
Thr 0.83 0.83 0.83 0.94 1.06 
Trp 0.25 0.25 0.25 0.28 0.31 
1Supplied per kg of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 
IU; vitamin K (menadione sodium bisulfate complex), 6.4 mg; thiamin, 4.0 mg; 
riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin B12, 33 µg; folic acid, 1.3 mg; 
niacin, 44 mg. 
2Supplied per kg of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4•H2O; Mn 45 
mg, as MnO; Cu, 13 mg as CuSO4•5H2O; I, 1.5 mg as CaIO6; Co, 0.23 mg as 
CoCO3; Se, 0.28 mg as Na2O3Se. 
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Table 2.4. Experiment 1 growth performance and apparent total tract digestibility 
coefficients of nursery pigs fed different inclusion rates of fungal biomass (FB) 
Parameters Diet
1 SEM P-value 
0%FB 10%FB 20%FB 
Growth Performance     
ADG, kg/day 0.39 0.40 0.39 0.063 0.94 
ADFI, kg/day 0.64 0.65 0.65 0.035 0.97 
G:F  0.62 0.62 0.60 0.100 0.55 
Digestibility coefficients2    
Energy 85.6a 86.7a 81.1b 1.02 0.01 
Nitrogen 86.2a 84.3ab 82.8b 1.23 0.04 
Fat 83.1a 80.4ab 77.1b 1.51 0.04 
Phosphorus 58.0a 59.2a 46.5b 2.82 0.03 
Energy value      
DE, Mcal/kg 4.01b 4.16a 3.81c 0.048 0.01 
1Diets equal mean of 8 pigs per treatment.  
2Mean digestibility coefficients calculated based upon pooled fecal grab samples. 
 a,b,c Means in the same row with different superscripts significantly differ (P < 0.05). 
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Table 2.5. Experiment 2 growth performance 
Parameters   Diets
1 SE P-value 
ISG2 Basal Ref-1 Ref-2 FB-1 FB-2 
Starting BW, kg 7.3 7.2 7.5 7.5 7.3 7.3 0.23 0.82 
Final BW, kg 
 
25.0a 27.7c 29.4d 26.7b 27.3bc 0.37 <0.01 
ADFI, kg/day  0.65
a 0.64a 0.67a 0.64a 0.65a 0.011 0.45 
ADG, kg/day 
 
0.32a 0.36b 0.39c 0.35b 0.36b 0.006 <0.01 
G:F  0.50a 0.56c 0.59d 0.54b 0.55bc 0.007 <0.01 
1Diets equal means of 5, 6, 7, 7, and 7 respectively. 
2Initial Slaughter Group used as baseline for tissue accretion evaluation  
a,b,cMeans in the same row with different superscripts significantly differ (P < 0.05). 
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Table 2.7. Experiment 2 apparent ileal digestibility (AID) and apparent total tract 
digestibility (ATTD) coefficients in nursery pigs fed fungal biomass (FB) 
Parameters Diets
1 SE P-value Basal Ref-1 Ref-2 FB-1 FB-2 
AID 
       Nitrogen 74.2a 72.2ab 77.1ab 72.6ab 62.5c 3.32 0.014 
Lys 80.6a 85.0ab 86.9b 80.2a 72.3c 1.81 <0.001 
Thr 82.9a 81.4ab 81.9ab 79.6ab 71.9c 2.23 0.003 
Met 93.0a 94.0ab 93.4ab 92.3ab 86.1c 0.76 <0.001 
Trp 90.3a 88.3ab 88.3ab 87.7ab 81.3c 2.27 0.036 
Energy 74.7a 79.7ab 81.6a 73.6ab 62.7c 2.93 <0.001 
ATTD             
 Nitrogen 77.7a 83.1c 81.8bc 81.7b 78.8a 1.28 0.018 
Energy 82.3a 86.3b 86.2b 84.3ab 80.3a 0.86 <.0001 
Phosphorus 60.5a 65.4b 68.4b 70.7b 61.2a 1.36 <.0001 
1Diets equal means of 5, 6, 7, 7, and 7 respectively.  
a,b,c Means within row significantly differ P < 0.05. 
 
  
 64 
Table 2.8. Intestinal nutrient transport, integrity and morphology of nursery pigs fed fungal 
biomass (FB) from Experiment 2 
Parameters Diets
1 SE P-value Ref-2 FB-1 FB-2 
Ileum Nutrient Transport, ΔµA/cm2 
     Glucose 9.68 10.63 11.35 2.54 0.86 
Lysine 1.01 1.18 0.93 0.30 0.65 
Glutamate 1.79 2.96 2.29 0.74 0.35 
TER, Arbitrary Units 
     Ileum 1.00a 0.73b 1.00a 0.07 <0.01 
Cecum 1.00 1.02 1.04 0.18 0.97 
FITC-Dextran APP3 
     Ileum 1.6 3.2 2.6 1.22 0.67 
Cecum 3.8 3.5 2.6 1.59 0.63 
Ileum Morphology      
Villus Height, µm 312.8 341.1 317.4 13.29 0.29 
Villus Width, µm 138.5 134 143.7 4.76 0.38 
Crypt Depth, µm 220.4 219.3 223.4 14.43 0.98 
Villus : Crypt ratio 1.4 1.6 1.4 0.18 0.92 
1Diets equal means of n=7 per treatment 
2Transepethelial resistance (TER) 
 3Fluorescein isothiocyanate-dextran (4.4 kDa) permeability coefficient 
 a,b,cMeans within row differ significantly P < 0.05. 
 
  
 65 
A. 
  
B. 
 
C. 
  
 
Figure 2.1. Common-intercept, multiple linear regression of ratio of the lysine intake (g/d) to 
ADG (g/d), G:F, and lean gain (g/d), on nursery pigs fed supplemental fungal biomass (FB).  
The upper line (solid) represents Reference treatments (X1), bottom line (dashed) represents 
FB treatments (X2). ADG (A) = 327 (±3.69) + 28.6 (±2.68)X1 + 15.4 (±2.95)X2. Slope ratio 
= 0.54, availability = 54%. G:F (B) = 0.51 (±0.0006) + 0.033 (±0.005)X1 + 0.020 
(±0.005)X2. Slope ratio = 0.61, availability = 61%. Lean gain (C) = 248 (±3.5) + 30.7 
(±2.53)X1 21.3 (±2.79)X2. Slope ratio = 0.695, availability = 69.5 %.  
320	

340	

360	

380	

400	

420	

0	
 0.5	
 1	
 1.5	
 2	
 2.5	
 3	

AD
G,
 g/
d	

Added Lys, g/kg	

0.5	

0.55	

0.6	

0	
 0.5	
 1	
 1.5	
 2	
 2.5	
 3	

Ga
in 
to 
Fe
ed
	

Added Lys, g/kg	

240	

260	

280	

300	

320	

340	

0	
 0.5	
 1	
 1.5	
 2	
 2.5	
 3	

Le
an
 G
ain
, g
/d	

Added Lys, g/kg	

 66 
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Abstract 
High grain prices, biofuels, and severe weather events are defining how we utilize 
crops used for livestock production. The need for alternative feed sources and resource 
conservation of water and energy has become more apparent. Previously, our group has 
shown that fungal biomass produced by growing Rhizopus microsporus (FB) on the thin 
stillage leftovers from the ethanol process can be used as an alternative feed source in 
nursery pigs. Digestibility was decreased at 20% inclusion and lysine availability of FB was 
54%. However, the limitation in nutrient digestibility may be due to the presence of chitin, a 
non-starch polysaccharide. Therefore, the objective of this project was to examine the use of 
the probiotic (Pr) Bacillus subtilis (chitinase producer) to increase digestibility of the FB in 
nursery pigs. Using a 2 × 2 factorial arrangement, 40 barrows (10.6 ± 1.52 kg BW) were 
assigned to one of four corn-SBM based diets containing the digestibility marker titanium 
dioxide (n=10/trt): 0%FBPr-, 0%FBPr+, 20%FBPr-, or 20%FBPr+. Pigs were fed ad libitum 
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and their performance was recorded weekly for 28 days and ADG, ADFI and G:F calculated. 
Body composition was assessed using a serial slaughter technique, were four additional 
barrows of the same initial BW were euthanized to establish the initial body composition. 
Total tract fecal collections were taken in the final week. Pigs were euthanized for distal 
ileum contents and whole body composition. Digesta and fecal samples were analyzed for 
DM, N, energy, and titanium dioxide and apparent ileal digestibility (AID) and apparent total 
tract digestibility (ATTD) calculated. Initial and final slaughter group body composition was 
assessed using dual-energy x-ray absorptiometry and tissue accretion rates calculated. No 
significant FB × Pr interaction was observed in any parameters assessed. However, Pr+ 
increased ADG (0.47 vs. 0.45 kg/d) and G:F (0.61 vs. 0.57), compared to the Pr- treatments 
(P < 0.05). Additionally, Pr+ increased AID of energy (59 vs. 53%, P < 0.10) and N (71 vs. 
55%, P < 0.01). Fungal biomass treatments decreased AID of N (57 vs. 69%, P < 0.01). 
Compared to 0%FB treatment, energy (86 vs. 79%), N (84 vs. 74%), and DM (88 vs. 82%) 
ATTD coefficients decreased due to FB inclusion (P < 0.01). Probiotic diets had no effect on 
ATTD. These data suggest probiotic modification of FB had negligible effects on 
digestibility, tissue accretion and growth performance, however, probiotic alone did improve 
AID. 
Keywords: Bacillus subtilis, fungal biomass, pig, Rhizopus microsporus 
 
 
Introduction 
High grain prices and competition for feed grain with biofuels has put strain on feed 
sources and has increased the swine industry’s use of biofuel co-products such as DDGS. 
Previously, our group has shown that fungal biomass (FB) produced by growing Rhizopus 
microsporus on ethanol thin stillage leftovers could be used as an alternative feed source in 
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nursery pigs (van Sambeek et al., 2012). The FB contains more CP, total Lys, and fat 
compared to corn and DDGS, making it a potentially valuable feedstuff for swine. 
Additionally, using a slope-ratio assays, we have reported the lysine bioavailability of this 
FB to be 54% (van Sambeek et al., 2013). Our research has also shown that a 10% FB 
inclusion rate in nursery pig diets had no negative effects on performance and digestibility of 
nutrients (van Sambeek et al., 2012). However, at higher inclusion rates (>15%), ATTD of 
nitrogen, energy and phosphorus decrease.  
 We have hypothesized that the decrease in digestibility may be in part due to the high 
amount of chitin-chitosan (CC). Rhizopus spp. are 12 to 14% of CC on a dry cell weight 
(Zamani et al., 2008).  Additionally, pigs lack endogenously produced chitinase or 
chitosanase, inhibiting their ability to degrade CC. However, limited CC degradation may 
occur in the hindgut via microbial action. Interestingly, livestock probiotics commonly 
consist of Bacillus spp., that are known for chitinase or chitosanase activity. Presently, little 
is known about Bacillus spp. and their interaction with CC in the GI tract of mammals.  Yet, 
we theorize that Bacillus-produced chitinase enzymes may enhance digestibility of FB.  
Therefore, the objective of this study was to determine if supplementing a Bacillus-
based probiotic to nursery pigs would increase the apparent digestibility of FB and augment 
growth performance. We hypothesized that addition of exogenous chitinase in the diet would 
enhance FB degradation in the gut and therefore nutrient availability. This would be achieved 
via the addition of probiotic bacteria, such as B. subtilis, with chitinase activity, which could 
germinate in the small intestine and breakdown chitin. 
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Materials and Methods 
All animal care and handling procedures used in this study were reviewed and 
approved by the Iowa State University Animal Care and Use Committee. The experiment 
(IACUC# 5-13-7579-S) was carried out at the Iowa State University Swine Nutrition 
Research Unit. 
 
Preparation of fungal biomass 
 Production of FB has been detailed by Rasmussen et al. (2014). Briefly, Rhizopus 
microsporus var. oligosporus cultures (ATCC 22959, Rockville, MD, USA) were initially 
grown in eight 2-L flasks with 1-L of sterile Yeast Mold Broth (Difco Laboratories, Sparks, 
MD), pH 4.1, shaken for 24 h at 38˚C. A 1600-L bioreactor was filled with thin stillage 
(Lincoln Way Energy, Nevada, IA) and cooled to approximately 38˚C. The reactor was then 
inoculated with prepared cultures and aerated. After 48 h of growth, the liquid was pumped 
across a screen to separate fungal biomass from liquid. The biomass was subsequently placed 
within a polyethylene bag and centrifuged to remove excess liquid. Biomass was then dried 
and hammer milled at Iowa State University Agronomy Farm. Composition analysis of FB 
for ash (AOAC 920.153), total fat (AOAC 991.36), CP (AOAC 981.10), AA (AOAC 
994.12), phosphorus (AOAC 975.03, 985.01, and 990.08), total fiber (AOAC 991.43), and 
total starch (AOAC 979.10, and AACC 76-11) were performed by Agricultural Utilization 
Research Institute (Crookston, MN, USA).  
 
 
 
 70 
Animals and Experimental Design 
 An experiment using 44 (10.6 ± 1.52 kg BW) crossbred barrows were used for this 
study. Four of these pigs were used as an initial slaughter groups reference for tissue 
accretion determination. The remaining 40 pigs were evenly allocated to one of four 
treatments (n = 10/treatment) using a 2 × 2 factorial arrangement that consisted of 0 or 20% 
FB grown on corn-ethanol stillage and with (Pr+) or without (Pr-) a probiotic supplement 
(Microsource S, DSM Nutritional Products Inc., Parsippany, NJ): 0%FBPr-, 0%FBPr+, 
20%FBPr-, or 20%FBPr+. The probiotic was supplemented at 0.05% in place of corn at a 
concentration of 1.47 × 108 cfu/g comprising two strains of Bacillus licheniformis and a 
single strain of Bacillus subtilis as previously described by Davis et al. (2008). All four diets 
(Table 1) were formulated to meet or exceed nutritional requirements for young pigs (NRC, 
1998) and contained titanium dioxide as an indigestible marker.  
All pigs were housed individually and given ad libitum access to feed and water. 
Furthermore, after a 4-d acclimation period to diets and pens, weekly BW, feed intake and 
feed conversion was measured for 28 d. Total tract fecal grab samples were collected d 25-
27 and pooled within pig for ATTD analysis. At the end of the performance period (d 28), 
all pigs were euthanized via overdose of sodium pentobarbital for ileal digesta sampling and 
to prevent intestinal epithelial sloughing. 
  
Digestibility Analysis 
Ileal digesta was collected for apparent ileal digestibility determination at euthanasia.  
This digesta was collected from the distal ileum starting at the ileo-cecal junction and ending 
150 cm anterior. Approximately 100 mL of digesta was then snap frozen and freeze-dried for 
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AID analysis. Total tract fecal samples were homogenized and the oven dried at 105˚C, 
although no notable differences in nitrogen value should occur as reported by Jacobs et al. 
(2011a). Proximate analysis was carried out on feed, ileal, and fecal samples as previously 
described (Patience et al., 2009; Kerr et al., 2013). Titanium dioxide (Leone, 1973) and 
phosphorus (P) (AOAC 7.123) contents of the diets and digesta were determined using 
colorimetric assays. Samples were analyzed for dry matter, nitrogen (N) using TruMac N 
(Leco, St. Joesph, MI) and GE using bomb calorimetry (Parr, Moline, IL) and digestibility 
coefficients calculated as described by Stein et al. (2007).  
 
Whole Body Composition and Tissue Accretion 
To determine the effects of FB and probiotic inclusion on whole body composition 
and tissue accretion, a modified serial slaughter technique was used. Briefly, after the 
acclimation period, four parity mate pigs of equal body weight and age were used as the 
initial slaughter group (ISG). The final slaughter group (FSG) was comprised of the 40 pigs 
fed the 0%FBPr-, 0%FBPr+, 20%FBPr-, and 20%FBPr+ diets.  Due to biosecurity 
protocols, all pigs were euthanized as described above to determine whole body 
composition using a Hologic Discovery A Dual X-ray Absorptiometry (DXA) machine 
(Bedford, MA). Scan data from the ISG (n = 4) and FSG (n = 40) was then corrected using 
internally built calibration curves similar to what has been described by Suster et al. (2003). 
Data from the DXA provided information on whole body bone, fat, and lean tissue mass. 
Scan data was further corrected to chemical values using externally built calibration curves 
previously determined by our group (van Sambeek et al., unpublished). Tissue accretion was 
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then calculated by determining the net change between FSG and ISG body composition, 
divided by the days on test.  
 
Statistical Analysis 
Data was analyzed using MIXED procedure in SAS (SAS Inst., Cary, NC) and all 
results were expressed as LS means ± SEM. Data was analyzed for the fixed effects of 
probiotic (Pr- vs. Pr+), FB (0 vs. 20%) and the interaction of probiotic by FB. In this model, 
pig was the experimental unit. Statistical significance of differences was determined by 
Tukey’s range test for pair wise comparisons.  Differences were deemed significant at P ≤ 
0.05 and tendencies at P ≤ 0.10. 
 
Results 
The objective of this study was to assess if probiotic supplementation increased 
nutrient digestibility of FB and nursery pigs growth performance. No significant interactions 
(P > 0.05) between FB and probiotic treatment were observed for growth performance 
(Table 2), digestibility (Table 3), and tissue accretion rates (Table 4). No differences were 
reported for either initial or final BW between treatments (Figure 3.1) and therefore, ADG 
was not different (Table 2).  However, compared to non-probiotic diets, probiotic inclusion 
increased ADG by 5% (P = 0.04) and decreased ADFI by 10% (P < 0.01).  Overall, when 
the probiotic was added a 6% increase in G:F was reported (P < 0.02) and there was no 
effect of FB inclusion on G:F (P = 0.76).  
We hypothesized that the addition of the probiotic would improve AID and ATTD of 
FB.  The Pr+ treatment increased AID of energy (P < 0.10) and N (P < 0.01) by 11% and 
28% respectively (Table 3). Fungal biomass treatments decreased AID of N (57 vs. 69%, P 
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< 0.01). Compared to 0% FB treatment, FB inclusion decreased ATTD coefficients for 
energy (86 vs. 79%), N (84 vs. 74%) and DM (88 vs. 82%) (P < 0.01, Table 3). The use of 
probiotics increased N (82 vs. 77%, P < 0.01) ATTD compared to Pr-, however, the Pr+ 
treatments had negligible effect on DM (85 vs. 84%, P  = 0.03) and energy (82 vs. 83%, P  
= 0.40) ATTD. No significant interactions were observed for FB by probiotic for either AID 
or ATTD. 
In terms of tissue composition and accretion, no significant differences were found 
with probiotic use or probiotic by FB treatments (Table 4). However, FB inclusion in the diet 
reduced whole body tissue lean (19.6 vs. 17.7 kg, P < 0.05) and adipose (4.3 vs. 3.6 kg, P < 
0.01) tissue composition. Whole body ash content was not significantly different (700 vs. 659 
g, P = 0.17). On a total carcass composition basis, 20% FB pigs had a higher lean (80 vs. 
78%, P = 0.04) and lower fat percentage (17 vs. 16%, P = 0.02) than the 0% FB pigs. 
Compared to the 0% FB pigs, whole body protein and lean accretion rates were 
approximately 15% lower in 20% FB pigs (389 vs. 317 g/d, P  = 0.05). Furthermore, fat 
accretion rates were also decreased approximately by 25% in the 20% FB treatment 
compared to the 0% FB pigs (93 vs. 67 g/d, P < 0.01). 
 
Discussion 
The objective of this study was to determine if supplementing a chitinase or 
chitosanase probiotic to a diet containing FB would increase AID and ATTD, and improve 
growth performance. As we have previously mentioned, inclusion of FB into a swine diet has 
a negative effect of nutrient digestibility. We hypothesized that the presence of the chitin-
chitosan complex (Zamani et al., 2008), represents an obstacle preventing full utilization of 
the nutrients in FB. Previously, fungal or bacterial-derived chitinase or chitosanase have been 
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used to degrade chitin-chitosan in nature and have been adapted for research use 
(Bhattacharya et al., 2007). Chitinases have been utilized from both fungal and bacterial 
species, but use of chitinase in industry has been limited to antifungal products, shellfish 
waste degradation and production of chito-oligosaccharides. Serratia and Bacillus spp. are 
known producers of chitinases; unfortunately, several genera of these organisms such as S. 
marcescens and B. cereus are known opportunistic pathogens. Several Bacillus-based direct-
fed microbials have been marketed for use in the animal industry to increase energy 
utilization (through fiber fermentation) and manure degradation (Davis et al., 2008; Leser et 
al., 2008; Kerr et al., 2013). Leser et al. (2008) reported that Bacillus spores germinated in 
the stomach and proximal small intestine, but despite high cell concentration, did not 
colonize the gut. Enzyme production for the species found in our probiotic, B. licheniformis 
and B. subtilis, was previously characterized by Larsen et al. (2013). Larsen reported that 
multiple B. licheniformis strains had low cellulase and xylanase activity, and B. subtilis 
strains had moderate to high and low activities, respectively. No characterization of chitinase 
production occurred in this study. Manjula et al. (2004) reported B. subtilis chitinase 
production and inhibition of Aspergillus niger in vitro. Wang et al. (2013) reported β-1,3-
glucanase activity in addition to chitinase in B. subtilits and demonstrated that these were 
effective in suppressing growth of Rhizopus stolonifer in peach fruit. Thus there is evidence 
that B. subtilis has chitinase activity and can break down filamentous fungal cell structure. 
Chitinase activity is not limited to microbial species, but has been discovered in 
vertebrate species (Jeuniaux, 1961) and prominently found in insectivorous species. Strobel 
et al. (2013) also reported chitinase activity in the stomach of insectivorous bat species. An 
acidic mammalian chitinase has been previously identified in murine, bovine, and human 
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gastrointestinal tracts and has also been identified in the proventriculus and liver of chickens 
with >70% protein homology to the murine chitinase (Suzuki et al., 2002). However, little 
information exists regarding the presence of chitinase in porcine species. Recently, it has 
been reported that this enzyme is present in porcine pancreatin (Shen et al., 2013). However, 
data is needed to compare porcine derived chitinase with commercial preparations to 
determine how much of a role it plays in the swine digestive tract. Considering that 
commercial swine diets typically contain little to no chitin-chitosan matter, native chitinase 
may play an extremely small role in the digestion of feedstuffs. The diets in our experiments 
have included 10 and 20% FB inclusions and most likely have not been impacted by 
endogenous-produced chitinase in the pig gastrointestinal tract. 
 Previously we have reported (van Sambeek et al., 2012) that ADFI and ADG were the 
same across 0, 10 and 20% FB inclusion rates. However, in this study, inclusion of FB in the 
diet resulted in decreased ADFI and ADG compared to controls. Walsh et al. (2012) also 
reported a decrease in ADG and G:F for pigs fed high dietary chitosan. Similar reductions in 
BW, feed intake, and feed conversion were observed in broilers fed a diet with 3% chitosan 
(Razdan and Pettersson, 1993). Biomedical research has also shown ADFI of mice fed a 
7.5% chitosan diet to be significantly reduced (van Bennekum et al., 2005). These data 
suggest that chitosan provokes a satiety effect, which could explain the reduction in ADFI 
and thus impact growth. 
However, growth may also be limited by the availability of nutrients in the diet. 
Similar to our bioavailability study (van Sambeek et al., 2013) Lys limitation in the diet 
decreased ADG and G:F. Adjusted for ADFI, the only difference in ADG and G:F occurred 
in the Pr+ treatments. There was tendency (P = 0.11) of Pr+ inclusion to increase in final 
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BW. Our Bacillus-based probiotic supplement, which has been previously used for manure 
breakdown by Nitikanchana et al. (2013), showed no difference in performance traits using 
the same or increased (1.3X) concentration of probiotic. Using the same probiotic, Davis et 
al. (2008) only saw significant probiotic effects on G:F during the finisher phase, although 
the overall G:F was also significant. It is necessary to note that all FB trials have been 
completed on nursery pigs and further work is necessary to assess nutrient utilization 
throughout the grow-finish period. However, as pigs grow and mature, they increase in their 
ability to digest feedstuffs and increase in utilization of fiber (Noblet and Goff, 2001; Goff et 
al., 2003). It might be possible that FB could be more efficiently utilized in adult pigs with 
the probiotic. 
Apparent ileal and total tract digestibility decreased with FB inclusion as expected.  
Similar to our previous study (van Sambeek et al., 2013), nitrogen AID decreased 
significantly, although energy was not affected. This decrease in nitrogen coupled with the 
reduced feed intake explains the overall reduction in tissue accretion for FB fed pigs. Pigs on 
the Pr+ diets had a significant increase in nitrogen AID and a tendency for energy AID. 
However, broiler studies have shown a decrease in N and crude fat AID when fed 3% chitin 
and chitosan in the diet (Zamani et al., 2008). Although no difference in growth performance 
was observed in our 28 d trial, animal maturation into the grow-finish phase could potentially 
result in effects as alluded to by Noblet and Goff (2001). A significant reduction in ATTD 
for DM, energy, and nitrogen was observed which was similar to previous data from our 
group (van Sambeek et al., 2012; van Sambeek et al., 2013). Although no difference was 
detected in energy digestibility, Walsh et al. (2012) reported a decrease in crude fat 
digestibility, parallel to our data (van Sambeek et al., 2012),  diminishing energy available 
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for adipose accretion. Inclusion of the probiotic had mixed results as digestibility of DM 
decreased and nitrogen increased. Since there is no interaction effect, it is likely that the 
probiotic is modifying the function of the microbiome through a transient mode of action. 
Data from our previous studies and the current experiment suggest that 20% FB 
inclusion has a negative impact on nutrient digestibility. This resulted in a reduced growth 
compared to controls. When adjusted for ADFI, the final BW for treatments were not 
different. However, ADFI had no effect on tissue accretion and there was no response to the 
probiotic. Pigs fed FB thus had a 14% reduction in lean muscle, and protein deposition rates 
and 24% in fat accretion and were approximately 3 kg lighter than controls. Chitosan treated 
pigs also saw a significant decrease in carcass weight and fat content although no differences 
in lean muscle was detected (Walsh et al., 2012). Ultimately this ties back to reduced Lys 
bioavailability and intake demonstrated previously by our group (van Sambeek et al., 2013). 
The probiotic appeared to have negligible effect on the tissue accretion in this study. Based 
on the data from Davis et al. (2008), it might be necessary to feed our diet through the grow-
finish phase to detect any possible differences. However, Nitikanchana et al. (2013) used 48 
kg BW grower pigs that were fed out to slaughter and no differences were detected. Unless 
the digestibility of FB can be increased through other means or supplemental amino acids are 
added, FB use in industry may be restricted to additive use. 
Further work is needed to evaluate both FB and the probiotic in grow-finish pigs as 
further gut maturation at an older age of development may increase digestive and absorptive 
capacity. Modification of the Rhizopus culture, or chitin extraction for other use, to reduce 
chitin content within the cell wall may also increase digestibility. However, it is unknown 
whether alteration of the cell wall would have a negative or positive impact upon large batch 
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culture growth. Zamani et al. (2008) showed R. oryzae cultures under six-day cultivation 
period had an increase in deacetylated glucosamine, the predominant component of chitin. 
This could further increase the rigidity of the cell wall allowing for enhanced stability of 
fungal cells. Composition of the cell may also play a significant role in digestibility. Broilers 
fed diets containing chitin-chitosan with variation in deacetylated glucosamine 
concentrations showed decreased dry matter content and ileal crude fat digestibility in highly 
deacetylated diets (Razdan and Pettersson, 1993). These same diets also decreased BW gain, 
feed intake, and FCR compared to control and chitin-based diets. This data suggests that 
acetylation status of the glucosamine may dictate digestibility. Because chickens do possess 
chitinase function in the gut (Suzuki et al., 2002), this may provide reason for why the chitin 
had greater performance than chitosan diets. It may be beneficial to attack the problem using 
both chitinase and chitosanase to degrade both polymers. Additional experiments are also 
needed to determine if exogenous enzyme or pure culture probiotic supplementation would 
be more effective with FB. Enzyme supplementation is common in the poultry industry and 
might be more attainable in poultry than in swine.  
Fungal biomass represents a unique product that could be utilized as a protein and 
energy source within the swine or poultry industries. The FB may also have a role in gut 
health, but requires research in livestock. Unfortunately, the decrease in digestibility is an 
obstacle preventing high inclusion levels of FB in swine diets. The use of exogenous 
chitinase and chitosanase enzymes represents a plausible option to improve the digestibility 
and bioavailability of FB, but needs further refining of their efficacy and delivery. 
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Table 3.1.  Diet composition, as fed basis 
Ingredient 0%FBPr- 0%FBPr+ 20%FBPr- 20%FBPr+ 
Corn 65.35 65.3 53.42 53.37 
Soybean meal, 48% CP 20.70 20.70 16.71 16.71 
Whey, dried 5.00 5.00 5.00 5.00 
Soybean oil 3.50 3.50 - - 
Fishmeal, menhaden 2.50 2.50 2.5 2.50 
Monocalcium phosphate 0.76 0.76 - - 
Limestone 0.66 0.66 1.05 1.05 
Sodium chloride 0.35 0.35 0.35 0.35 
Vitamin premix1 0.30 0.30 0.30 0.30 
Trace mineral premix2 0.10 0.10 0.10 0.10 
L-Lysine HCl 0.19 0.19 0.07 0.07 
L-Threonine 0.05 0.05 - - 
DL-Methionine 0.04 0.04 - - 
Fungal Biomass (FB) - - 20.00 20.00 
Titanium dioxide 0.50 0.50 0.50 0.50 
Probiotic3  - 0.05 - 0.05 
Calculated composition         
   Crude Protein, % 19.02 19.02 23.83 23.83 
   ME, kcal/kg 3,880 3,880 3,894 3,894 
   NDF, % 8.54 8.54 10.62 10.62 
   Lysine (SID %) 1.11 1.11 1.11 1.11 
   Available Phosphorus, % 0.32 0.32 0.36 0.36 
1 Supplied per kg of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 
IU; vitamin K (menadione sodium bisulfate complex), 6.4 mg; thiamin, 4.0 mg; 
riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin B12, 33 µg; folic acid, 1.3 mg; 
niacin, 44 mg. 
2 Supplied per kg of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4•H2O; Mn 45 
mg, as MnO; Cu, 13 mg as CuSO4•5H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as 
CoCO3; Se, 0.28 mg as Na2O3Se. 
3 MicroSourceS probiotic provided by DSM Nutritional Products Inc., at a 
concentration of 1.47 × 108 cfu/g of B. lichenformis and B. subtilis 
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Table 3.2. Growth performance1 
Parameter 0% FB 20% FB   P-value 
Pro- Pro+ Pro- Pro+ SE FB Pr FB x Pr 
ADG, kg/day 0.46 0.48 0.45 0.47 0.012 0.48 0.04 0.90 
ADFI, kg/day2 0.84 0.81 0.75 0.73 0.026 0.01 0.36 0.86 
G:F 0.58 0.61 0.57 0.61 0.016 0.76 0.02 0.98 
1Diets equal means of n = 10 per treatment 
 
Table 3.3. Apparent ileal and total tract digestibility1 
Parameter 0% FB 20% FB  
P-value 
Pro- Pro+ Pro- Pro+ SE FB  Pr FB x Pr 
AID 
        DM 58.0 59.9 53.8 56.5 2.93 0.2 0.43 0.90 
Nitrogen 61.5 75.9 48.6 65.2 3.04 <0.01 <0.01 0.72 
Energy 53.9 60.7 51.7 57.7 3.84 0.48 0.09 0.91 
ATTD 
        DM 87.8 87.5 82.8 81.3 0.41 <0.01 0.03 0.13 
Nitrogen 82.3 86.5 71.8 77.0 0.69 <0.01 <0.01 0.54 
Energy 86.2 86.3 79.4 78.3 0.61 <0.01 0.40 0.32 
1Diets equal means of n = 10 per treatment 
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Figure 3.1. Weekly body weights for all four treatments. P-values for treatment effects:  
Probiotic (Pr), P=0.54; fungal biomass (FB), P<0.01; Pr*FB, P=0.86
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CHAPTER 4. GENERAL DISCUSSION 
 
 
The growing pig requires nutrients for tissue accretion, and to do this optimally, 
sufficient amino acids and energy are needed. Corn provides adequate energy for pig growth, 
but low levels of lysine require additional supplementation from other sources e.g., soybean 
meal, synthetic. Redistribution of corn towards ethanol production has led to higher prices 
and co-product production. Inefficiencies in co-product production have invoked a need for 
sustainable, more efficient production. Fungal growth on thin stillage serves as a 
bioremediation process encouraging decreases in water and energy use. The resulting fungal 
biomass (FB) grown has been considered as a novel value added feed byproduct for potential 
use in the livestock industry. Therefore, the overall objective of this thesis was to evaluate a 
novel fungal biomass (Rhizopus microsporus var. oligosporus grown on thin stillage) in the 
diet of nursery pigs, and determine its effects on growth performance and tissue accretion. 
Furthermore, we assessed its nutrient digestibility and lysine bioavailability. Growth 
performance and apparent total tract digestibility (ATTD) were determined in Exp. 1 from 
Chapter 2. To assess tissue accretion and lysine bioavailability, a slope-ratio assay for lysine 
was conducted in Exp. 2. The data from Chapter 2 allowed us to develop a hypothesis for our 
follow-up experiment. Exp. 3, in Chapter 3, ascertained if nutrient digestibility of the FB 
could be improved using a probiotic supplement and if the probiotic and FB could improve 
performance of low growing pigs.  
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Pig Performance 
 The initial data from our first experiment demonstrated that regardless of inclusion 
level (0, 10, and 20%) fungal biomass in the diet did not impact growth performance 
parameters (ADFI, ADG, and G:F). These data suggest that FB could be a useful feedstuff 
for use in nursery. This then lead to the question of bioavailability of the essential amino 
acid, lysine, in FB. A slope-ratio assay for lysine was conducted to assess bioavailability. 
Briefly, a basal diet was fed that met 70% of the lysine requirement for growing pigs. 
Additional diets met 85 and 100% of this requirement, but the additional lysine was derived 
either synthetic L-Lys!HCl or from FB. When growth was plotted against lysine intake, the 
ratio (FB:L-Lys!HCl) of the slopes determined bioavailability. As expected, as lysine content 
of the diet increased, ADG, G:F, and final BW were also increased. Notably, FB fed pigs had 
reductions in all three parameters relative to Reference counterparts. This experiment 
revealed that although lysine content is high in FB, not all of it is available for absorption and 
tissue growth.  
 Using the data from the first two experiments, we hypothesized that a component of 
the FB was limiting nutrient availability and digestibility, specifically the cell wall fraction 
such as chitin. A third experiment was implemented to determine if probiotic intervention, 
targeting chitin, could increase nutrient availability and digestibility, thus increasing growth 
performance. Pigs fed FB had a decreased growth performance parameters compared to 
controls, although when ADFI is normalized across treatments, no difference was observed 
for ADG and G:F. Davis et al. (2008), using the same probiotic as in our experiment, only 
saw significant probiotic effects on G:F during the finisher phase, although the overall G:F 
was also significant, but Nitikanchana et al. (2013) showed no difference in performance 
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traits with using a similar dosage or increased (1.3X) of the  probiotic. Reports have 
suggested that chitosan, a component of the FB cell wall, can lead to reductions in feed 
intake and BW gain, as seen in some animals models (van Bennekum et al., 2005; Kumar et 
al., 2009). Razdan and Pettersson (1993) showed a decrease in feed intake, BW gain, and 
feed efficiency in broilers fed a 3% chitosan diet. On the other hand, a study by Yang et al. 
(2012) reported increases in ADFI, ADG, and G:F when supplemented with a therapeutic 
dose of chito-oligosaccharide (COS). Considering that our experiments were conducted with 
22-30 day old pigs, they can increase in their ability to digest feedstuffs and increase in 
utilization of fiber as they grow and mature (Noblet and Goff, 2001; Goff et al., 2003). The 
differences in response may be subject to amount or type of chitin or chitosan seen, age, 
species and the phenotype of the experimental unit, since obese phenotypes were also used 
with mice and humans. 
 
Nutrient Digestibility, Lysine Availability, and Tissue Accretion 
 Our first study assessed ATTD to determine FB effect of nutrient digestibility. 
Feeding a 10% inclusion of FB had no effect on ATTD for energy, fat, nitrogen, and 
phosphorus, but reductions were observed in the 20% diet.  Similar observations for our 
follow-up occurred as energy, nitrogen, and phosphorus were reduced in the FB-2 (20% 
inclusion) compared to both Ref-1 and 2. Apparent ileal digestibility followed suit with FB-2 
being significantly diminished for nitrogen, specific amino acids (Lys, Thr, Met, and Trp), 
and energy compared to Ref-1 and 2. Razdan and Pettersson (1993) also noted reductions in 
AID of crude protein and fat in broilers. Although lower amounts of chitosan were used, 
Walsh et al. (2012) reported lower crude fat digestibility as chitosan concentration increased. 
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This matches with our data as digestibility was decreased as FB inclusion increased, even 
though 10% FB diets only had numerical differences. Furthermore, FB fed pigs had lower 
total body fat, but also reduction in fat deposition rates, concurring with data previously 
reported (Razdan and Pettersson, 1993; Hossain and Blair, 2007; Walsh et al., 2012). 
Additionally, it has been reported that animals fed chitosan had reduced blood triglycerides 
and cholesterol, suggesting an overall decrease in circulating lipids and adipose accretion as 
fat digestibility decreases (Razdan and Pettersson, 1993; van Bennekum et al., 2005; Kumar 
et al., 2009; Walsh et al., 2012). 
The Lys bioavailability from FB for ADG and lean tissue growth is only 54 and 70%, 
respectively, compared against the crystalline L-Lys·HCl. Adeola et al. (1994) showed Lys 
bioavailability was 85 to 88% in soybean meal fed to young pigs. Honeyman et al. (2007) 
reported Lys availability in DDGS at 53% although McEwen et al. (2012) reported higher 
values at 69%. Although no direct Lys bioavailability in corn data could be found, in 
chickens, Lys bioavailability was determined at 73% in terms of gain and true ileal 
digestibility of 78% (Lewis and Bayley, 1995). Interestingly, swine AID and SID for lysine 
in corn has been shown at 60 and 74%, and soybean meal 87 and 89%, respectively (NRC, 
2012). Other protein sources, e.g., fishmeal and whey protein, have been shown to have 
readily available Lys with > 90% Lys SID. Together these suggest that Lys bioavailability in 
FB could be similar to corn and DDGS, but much lower than alternate protein sources. This 
further indicates that FB may not be preferred choice for Lys supplementation if it is priced 
similar to other protein sources. However, more data is needed to ascertain the economic 
value of FB for producers. 
 90 
Reduced Lys bioavailability in FB was evident as the FB fed pigs had lower lean and 
adipose tissue accretion compared to their Ref counterparts. The reductions in tissue 
accretion and Lys availability appear to also be partially caused by decreased AID and ATTD 
for FB treated pigs. Interestingly, the large difference between AID and ATTD of GE 
suggests an increased reliance on microbial VFA fermentation for energy needs in pigs fed 
FB. The reduction in AID and ATTD for FB is likely attributed to the presence of fungal cell 
wall components: chitin and its derivatives. These complex polysaccharides are mostly 
indigestible by swine enzymes, but can be broken down by microbial enzymes chitinase and 
chitosanase, but at high inclusion levels energy digestibility is still reduced. 
Although we have suggested non-starch polysaccharides contribute to a decrease in 
bioavailability and digestibility of nutrients, the drying process for FB production may be a 
significant contributor to these issues. It is known that Maillard reactions occur between 
reducing sugars and amino acids that lead to indigestible or digestible, but unreactive 
nutrients. Stein et al. (2006) reported Lys AID (35.0 to 55.9%) and SID (43.9 to 63.0%) to be 
highly variable across DDGS samples, indicating Lys susceptibility to processing techniques. 
Pahm et al. (2009) reported that 24% of total SID Lys concentration in DDGS is unreactive, 
implying that digestible Lys may be overestimated in DDGS. It has been suggested that 
darker colored DDGS may have decreased nutrient digestibility, especially Lys, compared 
with lighter colored DDGS (Fastinger and Mahan, 2006). Processed FB has consistently had 
a dark brown color providing evidence that Maillard reactions may be a significant problem 
in FB production. Overall, these data insinuate that strategies are needed to lessen the 
occurrence of Maillard reactions during the drying process of FB to decrease unreactive Lys 
content. 
 91 
Based on the digestibility and bioavailability data, we suspected that a fiber-type 
component from the FB was causing the reduction in nutrient digestibility. We believed the 
component in question was the chitin-chitosan (CC) complex found within the fungus that 
provides durability and structure for the cell wall. Fermenting yeasts like Saccharomyces 
cerevisiae, used in ethanol fermentation, only have 1-2% of chitin in their cell walls whereas 
filamentous fungi like Rhizopus microsporus may have closer to 15% chitin (Free, 2013). 
Zamani et al. (2008) determined that Rhizopus oryzae contained 12-15% of the CC complex 
in the cell wall. Previously, fungal or bacterial-derived chitinases or chitosanases have been 
used to degrade CC in nature and have been adapted for research use (Bhattacharya et al., 
2007). Chitinase activity has been discovered in vertebrate species (Jeuniaux, 1961) and 
prominently found in insectivorous species. Strobel et al. (2013) also reported chitinase 
activity in the stomach of insectivorous bat species. An acidic mammalian chitinase has been 
previously identified in murine, bovine and human gastrointestinal tracts, but has also been 
identified in the proventriculus and liver in chickens with >70% homology (Suzuki et al., 
2002). Little to no information exists regarding knowledge of chitinase presence in porcine 
species. Recently, it has been reported that this enzyme is present in porcine pancreatin (Shen 
et al., 2013). However, data is needed to compare porcine derived chitinase with commercial 
preparations to determine how much of a role it plays in the swine digestive tract. 
Considering that commercial swine diets should contain little to no CC matter, native 
chitinase may play an extremely small role. Although CC degradation may not occur in the 
small intestine, the large intestine microflora can likely degrade the complex, and as CC is a 
non-starch polysaccharide, could be considered as prebiotic strategy. Given the difference we 
saw between AID and ATTD, microbial VFA fermentation may be relied on more in these 
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pigs then the controls. However, the increased CC content appears to still limit ATTD, 
regardless of microbial intervention. 
Using this knowledge, we considered using either an exogenous enzyme or bacteria 
with positive chitinase production. Davis et al. (2008) previously described a probiotic feed 
additive used for manure degradation containing multiple species, one of which is Bacillus 
subtilis. This organism, which has been a prevalent contaminant in the production of FB, is 
positive for chitinase activity and represents an opportunity to breakdown chitin within FB. 
The probiotic was added in our third experiment with mixed results. As with our previous 
studies, 20% inclusion of FB reduced digestibility of nutrients, notably, DM, energy, and 
nitrogen ATTD and nitrogen AID. Although no interaction between the probiotic and FB 
occurred, nitrogen AID and ATTD and DM ATTD were significantly increased in Pr+ 
groups, and there was a tendency for energy AID to be affected. Even with these differences, 
there was a three-kilogram decrease in overall BW between 0 and 20%FB. As expected, 
there was still a decrease in tissue deposition rates, and the probiotic had no effect. 
Nitikanchana et al. (2013) fed grower pigs out to slaughter with no probiotic differences 
detected in body composition. Davis et al. (2008) also did not see differences in their pigs 
until the finish phase of the experiment, implying that more time might be necessary to see 
any probiotic differences, but this would contradict with Nitikanchana’s results. The 
implications from these data suggest that alternative strategies may need to be employed to 
increase digestibility.  
 
Intestinal and Systemic Health 
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 A productive animal is typically also a healthy animal. Although our data indicates 
that any change in productivity in FB fed animals is attributed to the digestibility of the FB, it 
was also necessary to assess intestinal health. We examined intestinal tissue using an ex vivo 
model with modified Ussing chambers. Overall there was no difference in ileum nutrient 
transport, and intestinal morphology. From an integrity standpoint, no changes in 
permeability, through macromolecule flux, and TER were observed in either ileum or colon 
tissue. There was a difference for ileum TER in FB-1 being reduced compared to FB-2 and 
Ref-2, however, this difference was not observed in permeability. It has been shown that 
chitosan is capable of altering tight junctions between cells and increasing permeability (Yeh 
et al., 2011; Rosenthal et al., 2012). This mode of action has been utilized for drug delivery 
systems. Despite the use of a challenge model, Liu et al. (2010) reported no differences in 
ileum morphology between unchallenged control, and challenged plus COS supplemented 
pigs. This same model showed pigs fed COS having a near similar response to a E. coli K88 
challenge as those fed cyadox. Yang et al. (2012) also showed no change in the ileum when 
pigs were supplemented with COS, but also saw a decrease in S. aureus and an increase in 
Bifidobacteria and Lactobacilli populations. A colitis model has also been developed looking 
at COS supplementation (Yousef et al., 2012). In this model, COS supplementation 
decreased body weight loss and increased protection, and survivability of mice with induced 
colitis. Although based on these data, a dosage response was noted, as higher doses became 
less effective than mid-range doses. 
 Interestingly, supplementation of chitin-derived molecules e.g., chitosan and COS, 
does have an effect on the body in regards to blood lipid profiles. Chitin-fed broilers saw 
decreases in serum cholesterol and liver triglycerides, and mixed effect on serum 
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triglycerides (Hossain and Blair, 2007). Similar results were found in a murine model used 
by van Bennekum et al. (2005). Razdan and Pettersson (1993) saw a reduction in plasma 
triglycerides and cholesterol from both chitin and chitosan-based diets, but chitosan showed a 
more profound effect. Pigs fed chitosan saw a drop in ADFI, but also increased serum leptin 
and lowered C-reactive protein (Walsh et al., 2012). Obese phenotype mice, given COS 
through intra-peritoneal injection, saw reduced feed intake and loss of BW, but had lowered 
blood glucose and improved response to a glucose tolerance test (Kumar et al., 2009). These 
mice had decreased plasma triglycerides and cholesterol, but also showed lower expression 
of apolipoproteins E, and A-IV and resistin, while adiponectin was increased. This data 
promotes the idea that chitosan or COS may stimulates a healthier animal response and 
potentially down-regulating inflammation commonly seen in metabolic dysfunction and 
diabetes. This was confirmed as tumor necrosis factor-α, and interleukin-6 were reduced in 
the COS-fed animals (Kumar et al., 2009; Yousef et al., 2012).  
 
Further research/Implications 
Based on chemical analysis, while FB is a nutrient rich feedstuff, its digestibility may 
be impeded by fungal cell wall components. While we did not pinpoint exactly why the 
digestibility and bioavailability of nutrients and energy was reduced as inclusion rates of FB 
increased, we hypothesize it is due to presence of fungal chitin-chitosan complex. Without 
supplementation of an enzyme or probiotic, FB may be limited to about a 10% inclusion in 
swine diets.  
Consideration should be given to the production of the fungal biomass by 
reevaluating methods that could alter the final composition of the biomass. The fungal 
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organism could potentially be genetically modified to decrease CC production. In a similar 
vein, extraction of CC from the FB, leaving the protein and lipid behind, could allow for a 
more digestible feedstuff while providing CC for industrial use. Additionally, drying 
methods may need to be evaluated.  Drying can cause Maillard reactions resulting in 
decreased reactive lysine. If the FB can be dried in a way that decreases these types of 
reactions, the lysine bioavailability may increase. 
Although our probiotic source did not have a significant effect overall, there remain 
options to consider. First, the probiotic source used was not a pure homogenous product but a 
heterogenous one. A pure culture of B. subtilis, may represent a better option for degradation 
as the B. licheniformis may not have provided the necessary enzymes needed for CC 
breakdown. Alternatively, B. subtilis may not be the optimal organism for use. Three other 
organisms, B. cereus, B. thuringiensis, and Serratia marcescens, prolific producers of 
chitinases, could be more optimal for this work (Bhattacharya et al., 2007). However, it 
needs to be determined if these organisms would function better as enzyme generators or 
probiotics, like certain strains of B. cereus.  Enzymes have already been applied within the 
swine and poultry industries. Enzymes appear to have a particular advantage in poultry, as 
the enzyme can act with in the crop before the meal gets to the proventriculus. Additionally, 
with the presence of endogenous chitinase in the gastrointestinal tract of chickens (Suzuki et 
al., 2002), regardless of exogenous enzyme addition, may further facilitate breakdown of FB. 
Thus it would be an appropriate idea to evaluate FB for poultry use.   
Alternatively, post-processing could be modified to include a pretreatment step to 
allow for breakdown. Options could include either grinding with a smaller plate to decrease 
particle size or a pretreatment with enzymes, predigesting the FB before inclusion into feed. 
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Decreasing particle size has been shown to increase energy digestibility and DE content of 
feedstuffs (Black, 2000; NRC, 2012). It would seem appropriate that decreasing particle size 
may do the same for overall digestibility of FB. Pretreatment with an enzyme might be more 
difficult to do. Leaving sufficient moisture for enzyme activity may leave the product ripe for 
bacterial growth and spoilage. Wet feed is not optimal for long-term storage requiring either 
onsite handling or continual supply flow to a farm, which in the swine industry can represent 
another critical control point for biosecurity. It may be necessary to ferment the FB with 
enzymes or utilize an additional organism for chitin breakdown prior to the drying step. The 
key would be reducing contamination, nutrient loss, and maintaining a consistent product. 
Some interest in applying FB to human foodstuffs has been contemplated in our 
group. This fungal biomass could serve as a cheap, but nutritious food source for all people. 
Because FB is derived primarily from corn, although it could come from a number of 
sources, it can be considered friendly for vegetarians, but also those suffering from gluten 
allergies, as corn does not contain gluten. Given the prevalence of obesity in the world, the 
chitin-chitosan complex, when included in the diet, may have potential as a therapeutic agent 
for people afflicted with diabetes mellitus and other metabolic dysfunction precursors. Our 
assessment of FB serves as a foundation for future evaluation and modeling to determine any 
health risks that FB could pose.  
In conclusion, these data indicate that FB has the potential to be a valuable feed stuff 
used in livestock diet formulations. It is an amino acid and energy rich ingredient that may 
serve as suitable replacement for corn or soybean meal in the diet when fed at low levels 
(<10%). Higher inclusion levels (>20%) can decrease overall production efficiency through a 
combination of decreased growth performance and increased feed intake. However, data 
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from this thesis demonstrates that this product needs to be further explored to increase 
digestibility, but so far has minimal impact on health, and reduced growth performance at 
higher inclusion levels. This novel product could be applied to human nutrition, but 
significantly more research is needed to assure consumers of safety.  
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APPENDIX 
 
Industry Reports 
van Sambeek, D.M., T.E. Weber, B.J. Kerr, J. van Leeuwen, and N.K. Gabler. (2012). 
Evaluation of Rhizopus oligosporus Yeast Supplementation on Growth Performance and 
Nutrient Digestibility in Nursery Pigs.  Animal Industry Report 2012. AS 658, ASL R2724. 
Evaluation of Rhizopus oligosporus Yeast Supplementation on Growth Performance 
and Nutrient Digestibility in Nursery Pigs 
 
D. M. van Sambeek1, T.E. Weber2, B.J. Kerr2, J. van Leeuwen3, and N.K. Gabler1 
 
1Animal Science, Iowa State University, Ames, IA; 2USDA-ARS, Ames, IA; 3Civil, 
Construction, and Environmental Engineering, Iowa State University, Ames, IA 
 
The growth and performance of 24 nursery pigs fed a fungal cultivation of Rhizopus 
oligosporus (RO) was evaluated in a 28-day feeding and digestibility study. Nursery pigs 
average start weight of 5.62 ± 0.35 kg were provided ad libitum access to a corn-soybean 
diets containing three levels of RO, 0, 10, or 20%. Diets were formulated to be isocaloric and 
isolysinic, and contained the digestibility marker titanium dioxide. There was no difference 
in pig performance based on dietary inclusion of RO fungus. However, total tract DE was 
improved when feeding RO. Altogether, these data indicate that Rhizopus oligosporus 
cultivated on distillers stillage and bioproducts can be used in nursery swine diets with no 
negative effects on performance.  
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Journal Articles 
 
Weber, T.E., D.M. van Sambeek, N.K. Gabler, B.J. Kerr, S. Moreland, S. Johal, and M.S. 
Edmonds (2013). Effects of dietary humic and butyric acid on growth performance and 
response to lipopolysaccharide in young pigs. J. Anim. Sci. In review. 
Effects of dietary humic and butyric acid on growth performance and response to 
lipopolysaccharide in young pigs 
T. E. Weber1, D. M. van Sambeek1, N. K. Gabler1, B. J. Kerr2, S. Moreland3, S. Johal4 and M. 
S. Edmonds5 
 
1Iowa State University, Ames, IA 50011; 2USDA-ARS-National Laboratory for Agriculture 
and the Environment, Ames, IA 50011; 3Nutriad, Inc., Elgin, IL 60123; 4Grain Processing 
Corporation, Muscatine, IA 52761; 5Kent Nutrition Group, Muscatine, IA 52761 
 
Humic acid (MFG) and fat protected butyric acid (BA) has been shown to modulate energy 
metabolism and inflammation. Therefore, the objectives of this study were to determine the 
effects of MFG and BA, alone and in combination, on growth performance and response to 
lipopolysaccharide (LPS) induced inflammation in young pigs. An experiment was 
conducted using 448 crossbred weanling pigs which were stratified by gender and BW, and 
were randomly assigned to 1 of 4 dietary treatments in a 2 × 2 factorial arrangement 
consisting of control and MFG, with or without BA. The pigs were housed at a density of 8 
pigs/pen and with 14 pens/dietary treatment. Growth performance and feed intake were 
assessed for 35 d. To assess the inflammation related properties of MFG and BA, on d 36 a 
subset of 48 pigs from each treatment was i.m. injected with either sterile saline or E. coli 
LPS (20 μg/kg BW; E. coli serotype O55:B5) for 4 hours in a 2 × 2 × 2 factorial arrangement 
(±LPS; ±MFG; ±BA; n = 6 pigs/treatment group) to assess their febrile response as well as 
serum, liver, and muscle cytokine responses. Results from this study showed that neither BA 
or MFG alone or in combination altered pig ADG, ADFI, and G:F. However, both MFG and 
BA inclusion appear to have a complex role in modulating different aspects of the immune 
response to LPS. Humic acid also appeared to play a role in decreasing oxidative stress.  
 
Key words: humic acid, inflammation, pig, protected butyric acid 
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Response of swine divergently selected for feed efficiency to a glucose tolerance test# 
J. D. Colpoys1,*, D. M. van Sambeek1, L. L. Anderson1, J.C. M. Dekkers1, A. K. Johnson1, F. 
R. Dunshea2, N. K. Gabler1 
 
1Iowa State University, Ames, IA 2The University of Melbourne, Parkville, Australia. 
Pigs divergently selected for residual feed intake (RFI) differ in allele frequencies for SNPs 
near genes that regulate insulin release and function. As insulin is important for energy 
control and animal growth, insulin sensitivity and glucose clearance may help define feed 
efficiency differences in growing swine. Therefore, our objective was to evaluate insulin 
sensitivity and glucose clearance via an intravenous glucose tolerance test (IVGTT) in pigs 
divergently selected for RFI. Six high- (defined as less feed efficient) and six low-RFI 
(defined as more feed efficient) gilts (68 ± 5.3 kg) from the eighth generation of the ISU 
Yorkshire RFI selection project were fitted with non-surgical jugular catheters. Three days 
later, following an overnight fast, all gilts were subjected to IVGTT (0.25 g glucose/kg BW). 
Serial blood samples were collected at -60, -30, -15, -1, 2, 5, 10, 15, 20, 30, 45, 60 min 
relative to the IVGTT. Plasma glucose and insulin concentrations and the glucose to insulin 
ratio (G:I) were determined; baseline, peak, and area under the curve (AUC) from baseline to 
60 min post-IVGTT data were calculated and analyzed using the Mixed procedure of SAS. 
The average baseline (-60 to -1 min) glucose and insulin concentrations and G:I did not differ 
between line (P ≥ 0.32). As expected, both lines responded to the IVGTT by increasing 
plasma glucose and insulin over time (P < 0.01). Plasma glucose and insulin concentrations 
peaked 2 and 10 min post-IVGTT, respectively. Lines did not differ in peak glucose 
concentration or G:I (P ≥ 0.32); however, low-RFI gilts had a larger peak insulin 
concentration compared to high-RFI gilts (614 vs. 437 pmol/L, P = 0.03). Similarly, glucose 
and G:I AUC did not differ between lines; however, low-RFI gilts had a 19% larger AUC 
compared to high-RFI gilts (P < 0.01). Plasma glucose concentrations took longer to return 
to baseline post-IVGTT in low-RFI gilts than in high-RFI gilts (30 vs. 20 min, P ≥ 0.16); 
however, regardless of line, plasma insulin concentrations returned to baseline 30 min post-
IVGTT (P ≥ 0.55). In conclusion, divergent selection for RFI has resulted in altered post-
IVGTT induced insulin responses in gilts. Plasma glucose concentrations took longer to 
return to baseline in the low-RFI gilts, with more insulin following the IVGTT compared to 
the high-RFI gilts, suggesting some level of insulin resistance in the more feed efficient line. 
Therefore, glucose sensitivity may be related to RFI and feed efficiency in swine. 
  
Key words: swine, feed efficiency, glucose tolerance test 
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Dunshea and N.K. Gabler (2014). Proceedings from Midwest American Society of Animal 
Science. Response of swine divergently selected for feed efficiency to a glucose tolerance 
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Evaluation of Rhizopus oligosporus in nursery pig diets on growth performance and 
digestibility# 
 
D. M. van Sambeek1*, B. J. Kerr2, J. van Leeuwen1 and N. K. Gabler1 
 
1Iowa State University, Ames, IA, 2USDA-ARS, Ames, IA 
 
The thin stillage leftover from ethanol production contains biodegradable organic compounds 
and sufficient micronutrients that is ideal for fungal cultivation of Rhizopus oligosporus 
(RO). This fungus removes about 60% of the organic material, including the suspended 
solids and even more of some specific substances that are undesirable for recycling.  The 
resulting fungal pellets can easily be harvested as a food-grade organism, which is rich in fat 
and protein, specifically lysine and methionine. Thus, this value added byproduct may be a 
suitable feed ingredient for swine. We conducted a four week growth performance 
experiment using 24 gilts (5.62±0.35 kg BW) allocated to one of three diets: 0% RO, 10% 
RO or 20% RO (n=8 pigs/trt). All diets were formulated to be isocaloric and contained the 
digestibility marker titanium dioxide.  Pig feed intake and body weights were measured 
weekly and total tract fecal samples were collected at week four. Irrespective of dietary 
treatment, there was no difference in pig ADFI (P=0.97), ADG (P=0.94) or G:F (P=0.55) 
over the four week nursery period. Proximate analysis of feed and fecal samples yielded the 
following Apparent total tract digestibility coefficients for 0% RO, 10% RO or 20% RO, 
respectively:  Gross Energy, 85.6, 86.7 and 81.1% (P<0.001); Phosphorus, 58.0, 59.2 and 
46.5% (P<0.01); and Nitrogen, 86.2, 84.3 and 82.8 (P<0.05). Total tract DE was improved 
feeding 10% RO (4.16 Mcal/kg), but not 20% RO (3.81 Mcal/kg) versus the control 
treatment (4.01 Mcal/kg). Altogether, these data indicate that Rhizopus oligosporus 
cultivated on distillers stillage and bioproducts can be used in nursery swine diets with no 
negative effects on performance. However, as the inclusion rates increase, digestibility may 
decrease.     
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Evaluation of feeding a Bacillus-based probiotic with Rhizopus oligosporus biomass in 
nursery pigs# 
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High grain prices, biofuels, and severe weather events are defining how we utilize crops used 
for livestock production. The need for alternative feed sources and resource conservation 
(water, energy etc…) has become more apparent. Previously, our group has shown that 
fungal biomass produced by growing Rhizopus microsporus (FB) on the thin stillage 
leftovers from the ethanol process can be used as an alternative feed source in nursery pigs. 
Digestibility was decreased at 20% inclusion and lysine availability of FB was 54%. 
However, the limitation in nutrient digestibility may be due to the presence of chitin, a non-
starch polysaccharide. Therefore, the objective of this project was to examine the use of the 
probiotic (Pr) Bacillus subtilis (chitinase producer) to increase digestibility of the FB in 
nursery pigs. Using a 2 x 2 factorial arrangement, 40 barrows (10.6 ± 1.52 kg BW) were 
assigned to one of four corn-SBM based diets containing the digestibility marker titanium 
dioxide (n=10/trt): 0%FBPr-, 0%FBPr+, 20%FBPr-, or 20%FBPr+. Pigs were fed ad libitum 
and their performance was recorded weekly for 28 days and ADG, ADFI and G:F calculated. 
Body composition was assessed using a serial slaughter technique, were four additional 
barrows of the same initial BW were euthanized to establish the initial body composition. 
Total tract fecal collections were taken in the final week. Pigs were euthanized for distal 
ileum contents and whole body composition. Digesta and fecal samples were analyzed for 
DM, N, energy, and titanium dioxide. Initial and final slaughter group body composition was 
assessed using dual x-ray absorptiometry and tissue accretion rates calculated. Data was 
analyzed with a mixed model with fixed effects FB, Pr and their interaction, with ADFI as a 
covariate. No significant FB x Pr interaction was observed in any parameters assessed. 
However, Pr+ increased ADG (0.47 vs. 0.45 kg/d) and G:F (0.61 vs. 0.57), compared to the 
Pr- treatments (P<0.05). Additionally, Pr+ increased AID of energy (59 vs. 53%, P<0.10) and 
N (71 vs. 55%, P<0.01). FB treatments decreased AID of N (57 vs. 69%, P<0.01). Compared 
to 0%FB treatment, energy (86 vs. 79%), N (84 vs. 74%) and DM (88 vs. 82%) ATTD 
coefficients decreased due to FB inclusion (P<0.01). Probiotic diets had no effect on ATTD. 
Together these data suggest probiotic modification of FB had negligible effects on 
digestibility, tissue accretion and growth performance, however, probiotic alone did improve 
AID. 
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Bioavailability of lysine in Rhizopus microsporus for nursery pigs as determined by 
slope-ratio bioassay# 
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Fluctuations in feed prices have led pig producers to search for alternative feed ingredients. 
Our previous studies have suggested that the filamentous fungus Rhizopus microsporus 
variant oligosporus (RO), grown in the leftovers of ethanol production, can potentially be 
used as a high quality source of dietary protein, fat, vitamins, and minerals for growing pigs. 
The objective of this study was to evaluate the bioavailability of lysine (Lys) in RO for 
nursery pigs. A total of 32 gilts (6.5±0.25 kg BW) were individually penned and assigned to 
5 dietary treatments. A basal diet (n = 5) formulated to contain 8 g of lysine/kg, but adequate 
in all other amino acids, was supplemented with 2 and 4 g of lysine/kg from either RO (n 
=14) or L-lysine-HCl (n =13). Diets were formulated to contain 15.4 MJ/kg of DE. Average 
daily gain (ADG) and feed intake (ADFI), gain to feed ratio (G:F) and lean growth (LG) 
were determined over a 7 week period. The latter was determined using dual-energy X-ray 
absorptiometry. Bioavailability of Lys was estimated using the slope ratios (RO : L-lysine-
HCl) obtained from common-intercept multiple regression analyses. Daily feed intake was 
similar among treatment groups (P > 0.1). Average daily gain, LG and G:F response to 
dietary Lys was linear regardless of Lys source (P < 0.01). The bioavailability of Lys in RO 
for ADG, G:F and LG was 0.54, 0.61 and 0.69, respectively. These results suggest that RO 
can be used as a source of protein in the diet of nursery pigs. Supported by the Iowa Pork 
Producers Association grant #12-112. 
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Heat stress and feed restriction attenuates intestinal integrity 
in growing pigs# 
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___________________________________________________________________________________________________________ 
Swine are susceptible to high thermal loads that can cause acute and chronic illness and, if severe enough, 
mortality. It has been estimated that heat stress (HS) may cost the U.S. swine industry over $300 million 
annually and global loses are in the billions (St-Pierre et al., 2003).  Previously, we have reported that HS 
causes major reductions in pig performance (Pearce et al., 2013), alters intestinal function and integrity, and 
increases endotoxin load (Pearce et al., 2012).  However, HS-induced feed intake reductions may partially 
explain some of the phenotype observed. Therefore, we hypothesised that short term feed intake induction is a 
major contributor to HS induced changes in growing pig intestinal integrity.   
Individually penned PIC crossbred gilts [65±2.7 kg body weight (BW), mean ± SE] were allocated to one 
of three treatments: (1) thermal neutral (TN; 24°C, 40% humidity, n=8); (2) heat stress conditions (HS; 37°C, 
40% humidity, n=8); or (3) Pair-fed thermal neutral (PFTN; feed intake matched to HS counterparts and reared 
in TN conditions, n=8). All pigs had ad libitum access to water and were fed corn-soybean meal-DDGS diets 
[14.7 MJ/kg digestible energy (DE) and 0.82% standardised ileal digestible lysine]. After a week of acclimation 
under TN conditions, gilts were subjected to their environmental treatment for 12 h and then euthanized for 
tissue collection. Rectal temperature (RT), respiration rates (RR) and feed intake (FI) were measured at 0 and 
12 h. Immediately prior to euthanasia, blood samples were collected into serum vacutainer tubes and freshly 
isolated ileum samples were mounted into modified Ussing chambers. Ileum intestinal integrity was assessed 
via transepithelial electrical resistance (TER), and fluorescein isothiocyanate (FITC)-labelled 4.4-kDa dextran 
permeability (APP). Blood gas variables (iSTAT®, hand held blood analyser) and concentrations of 
lipopolysaccharide (LPS) and LPS binding protein were also measured.  All data were analysed using the 
PROC MIXED procedure (SAS®; USA).  
Table 1. Effects of rearing growing pigs under conditions of being thermal neutral (TN), heat stress (HS), or 
pair feeding (PFTN) on aspects of respiratory physiology and measures of intestinal integrity. 
Treatment RT (°C) RR 
(bpm) 
PCO2 
(mmHg) 
Hct (%) TER 
(AU) 
APP 
(ug/min/cm) 
LPS 
(AU) 
LBP 
(µg/mL) 
TN 39.2a 42.1a 52.1a 37.8 199.5a  2.4a 1.0a 14.1a 
HS 41.8b 154.3b 31.3b 36.0 138.8b 10.5b 5.1b  7.2b 
PFTN 39.1a 41.9a 47.3a 38.0 136.5b 10.2b 3.5b 10.5ab 
SEM 0.1 2.5 1.1 1.3 17.9  3.0 0.68  2.61 
P value *** *** *** NS ** * *** * 
abMeans in a column not having the same superscript are significantly different: *P<0.10; **, P< 0.05; ***, P<0.01; bpm, breaths per 
minute; PCO2, partial pressure of carbon dioxide; Hct, hematocrit;; LBP, plasma LPS-binding protein, AU, arbitrary units; SEM, 
standard error of mean; NS, not significant. 
HS increased (P<0.01) RT, RR and blood PCO2 compared to TN and PFTN gilts. Feed intake was reduced 
90% (P<0.01; 1.06 versus 0.12 kg) in HS pigs and FI of PFTN pigs was matched to that of HS pigs. Intestinal 
integrity markers of TER (reduced, P<0.05) and APP (increased, P<0.10) were altered in HS and PFTN pigs 
compared to TN pigs.  Many of the effects HS has on intestinal integrity parameters appear to be directly 
mediated by reduced feed intake. Interestingly, nutrient restriction alone (similar to the HS and PFTN pigs) can 
lead to alterations in intestinal function, transport, morphology, and may increase the risk of developing 
bacterial sepsis. As a result of this increased intestinal permeability, blood LPS was augmented and LBP 
attenuated due to HS and PFTN conditions. This may contribute to systemic inflammation and reduced growth 
potential in pigs. Altogether, these data indicate that high ambient heat loads and reduced caloric intake 
negatively affect intestinal integrity and increase circulating LPS in pigs.  
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